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ABSTRACT 
Urbanization modifies the local climate of a city in many ways. In general, 
urban climates are warmer and less windy than its rural areas. Hong Kong has 
experienced rapid urbanization over the last five decades; this thesis aims to 
examine the influence of city growth on air temperature from 1951 to 2002. The 
intensity and temporal aspects of urban heat island (UHI) are investigated. 
Weather elements and urban development factors affecting the maximum heat 
island intensity are also evaluated. 
Daily, seasonal and annual temperature data series (maximum, mean and 
minimum) recorded at the urban center, new town and rural stations are analyzed 
using linear regression and Mann-Kendall rank test. There is a rise in mean and 
minimum temperature series at most of the stations while decreases in maximum 
temperature and diurnal temperature range are only found at the urban center. The 
change points of the increasing and declining trends in urban center and new town 
are approximately located in the mid-1980s and the late 1990s, respectively. 
Urbanization, suburbanization and regional warming contribute to the observed 
trends in Hong Kong. 
Based on the differences of maximum and minimum temperatures observed 
at four urban sites and two rural sites, it is found that UHI is developed more 
frequently in the nighttime than in the daytime and sometimes “cool island" is 
detected in the mid-aftemoon. Due to the differences in predominant land use and 
development history, UHI effects develop more often and become stronger in 
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urban center than in new towns. On a seasonal basis, the maximum UHI intensity 
is the strongest in winter and relatively weak in summer and autumn. Bi van ate 
and multivariate regression analyses are performed to relate the maximum UHI 
intensity to meteorological elements. Positive relationship is found between wind 
speed, cloud amount, visibility and maximum UHI while solar radiation and 
relative humidity are negatively correlated with the maximum UHI intensity. 
There is a strong seasonal variation of the leading factors on maximum UHI 
intensity and the relative importance among the weather elements varies 
depending on the topography, location, climate system and urban structure. 
Finally, influence of urban growth on maximum heat island intensity is 
examined by bivariate regression analyses. All the selected urban development 
variables are significant factors affecting the maximum heat island intensity; both 
positive linear and non-linear relationships are demonstrated in the analysis. 
Average daily passenger journeys explain the greatest amount of variance of 
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Air temperature is a key weather element which has tremendous influences 
on our daily life. Appropriate recording and application of temperature data carry 
great importance to the community. Without accurate information of temperature, 
the work of fanners, power company engineers, urban planners, weather analysts, 
and many others would be a great deal more difficult (Ahrens, 1998). However, 
temperature of the city is not considered as natural climate; it partakes with too 
much artificial warmth, induced by its structure, by a crowded population and 
huge amount of energy consumption (e.g., Chandler, 1965; Landsberg, 1981; Oke, 
1982; Bohm, 1998). Any change in the characteristics of Earth's surface induces a 
micrometeorological change (Thomthwaite, 1956). Man has undoubtedly brought 
about more such changes in a few decades than nature in millennia. Among the 
most radical of these changes are brought by urbanization, which spread around 
the globe at an explosive rate. 
Everywhere, as population growth rates accelerate and social and economic 
forces persuade the majority of the world's population to live in towns, a rash of 
bricks and mortar, concrete, stone and macadam engulfs ever-increasing areas of 
the Earth's surface. New towns are established, towns grow into sprawling cities 
and cities merge into vast conurbations where a variety of human influences 
impinge on the local atmosphere (e.g., Oke, 1974; Landsberg, 1981; Tayanc and 
Toros, 1997). Additionally, urban structure and architectural forms of buildings 
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not only protect man against unfavourable influence of atmospheric phenomena, 
but also constitute an independent climate-altering factor and changing the urban 
climate (e.g., Landsberg, 1981; Lee, 1984; Oke, 1987; Montavez et al., 2000). 
In a city, the urban area is distinguished as an Urban Heat Island (hereinafter 
UHI) compared with adjacent rural areas. This phenomenon is characterized by a 
temperature difference between the city center and the rural outskirts (e.g., 
Sundborg, 1950; Chandler, 1965; Oke, 1976, 1979; Landsberg, 1981). 
Qualitatively the heat island is the result of a number of factors; the most 
important factor is the change in the radiation balance. The thermal characteristics 
(albedo, heat conductivity and thermal capacity) of the surface following the 
substitution of buildings and roads for farms and fields are radically changed. 
Consequently, the energy balance is altered, leading to a positive thermal anomaly. 
Another is the modification of airflow pattern, which reduces wind speed inside 
an urban area and the exchange of air with the outside and thus affects evaporative 
processes. The third one is the anthropogenic heat release from combustion 
processes and metabolism of lives (e.g., Chandler, 1970; Landsberg, 1970a; Oke, 
1982; Camilloni and Barros, 1997; Bohm, 1998; Montavez et al., 2000). 
Due to the differing importance of causal factors in different cities, UHI 
effect varies temporally and spatially. Generally, UHI appears mainly at night 
when the sky is clear and under calm conditions but it tends to disappear in cloudy 
and windy conditions. In many cities of Western Europe and North America, heat 
islands are the strongest in summer whilst in central and northern Europe there is 
apparently little difference between summer and winter intensities (Chandler, 
1970). In several Asian cities such as Tokyo, Korea, Shanghai, Hong Kong, 
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maximum heat island intensities occur in winter (e.g., Park, 1987; Chan and Ng, 
1991; Chow et al., 1994; Kim and Baik, 2002). Air moisture conditions 
significantly influence the maximum heat island intensity in tropics. In addition, 
the city will appear as an island in the background of rural temperature when 
plotted on an isotherm map (e.g., Landsberg, 1981; Oke, 1982; Klysik and 
Fortuniak, 1999). 
Both urbanization and urban climate affect people who must adapt to the new 
living conditions created, the consequences of these conditions are different 
around the world. For locations in high latitudes, winter tends to be milder and 
this reduces the duration of snow cover, helps in fuel conservation, and increases 
the growing season of plants. However, in area with summer climates, it adds 
burdens to the physiological adjustment of inhabitants and on air conditioning 
equipment (Landsberg, 1970b). Subsequently, UHI leads to episodes of hot and 
inhospitable weather and typically becomes a health hazard in tropical regions 
(Jauregui, 1986). 
The UHI phenomenon has been commonly observed in cities of different 
sizes at various latitudes with different climate and topography; its characteristics 
have been extensively studied during the past several decades (Oke, 1987; Kim 
and Baik, 2002). Most of the UHI studies have been carried out in mid-latitude 
regions and found that the formation of UHI is related to the regional climate as 
well as the intrinsic nature of the city. Recently, numerous attempts of urban 
studies have been done on developing and tropical cities (e.g., Karaca et al., 1995; 
Jauregui, 1997; Tereshchenko and Filonov, 2001), but such research is still lacking 
in the third world country. 
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According to the data of United Nations (2004)，48% of the world's 
population lives in urban areas, with a larger fraction (74.5%) in the more 
developed countries. It is projected that half of the population will be urban 
dwellers by 2007 and urbanization mainly takes place in developing countries. 
The rapid pace of urbanization on a world wide scale therefore demands 
knowledge of atmospheric processes within cities in order to exploit the beneficial 
effects and minimize those which are less desirable (e.g., Chandler, 1976; 
Landsberg, 1981; Lee, 1984; Amfield, 2003). 
1.2. Situation in Hong Kong 
During the last five decades, Hong Kong has been rapidly urbanized and 
become a world city and an important international financial center. As shown in 
Figure 1.1, urban areas have been expanding gradually from 5% in 1954 to 22% 
in 2002. Moreover, population in Hong Kong has increased sharply over the 
post-war years. After the World War II, many Chinese civilians returned to Hong 
Kong and the population, which by August 1945 had been reduced to about 
600,000，rose by the end of 1947 to an estimated 1.8 million. In the period of 
1948-49, Hong Kong received an influx unparalleled in its history; hundreds of 
thousands of people crossed the boundary. By the mid-1950s, the population had 
expanded to an estimated 2.2 million. After about three decades, the population 
became more than doubled to 5.4 million in 1984. At the end of 2002, Hong 
Kong's population was 6.8 million (CSD, 2001). 
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Land Usage 1954 Land Usage 2002 
5% 5% 2% 3% 
# # 
• Urban area 
• Agricultural 
• Wetland 
• Woodland/ Shrubland/ Grassland 
• Badland 
• Water area  
Figure 1.1 Land use distribution of Hong Kong in 1954 and 2002. 
Source: Tregear, 1955; ISD, 2002. 
Hong Kong with a small territorial area of 1103 km^ contains nearly 7 
million population. Steep mountainous terrain and strong planning controls have 
led to most of the population being housed in 184 km of urbanized area (ISD， 
2002). Hence the population density of most urban area is over 40,000 persons per 
square kilometer. In order to reduce the population density in urban areas and 
improve the living standard of citizens, intensive housing program and new town 
development scheme had been carried out since the early 1970s (ISD, 2002). 
These efforts have resulted in an increasing population in new towns, attracting 
people from the Kowloon urban areas to the rural New Territories. Consequently, 
a substantial redistribution of the population has occurred during the last ten years. 
By 2002, the respective population proportions of Hong Kong Island, Kowloon 
and the New Territories are 19.1%, 29.9% and 51% (CSD, 2001). The 
urbanization process has been rapid and become more extensive, which may 
modify the local climate of Hong Kong. 
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While economic growth can improve the living standard of Hong Kong's 
people, it may cause various kinds of environmental problems. Power 
consumption statistics show that electricity used for indoor air conditioning has 
increased by 4159 GWh since 1990 (ISD，2002). In fact, the population density, 
number of buildings and cars, and energy use per unit area are high in Hong Kong. 
The concentration of population and economic activity in such a small area leads 
to intense pressures on the environment as well as modification of the urban 
climate. It is therefore necessary to study the existence and causal factors of UHI. 
Study on regional air temperature changes and UHI intensity play a 
fundamental role in assessing climatic modification in Hong Kong. The temporal 
variations of UHI are of considerable interest, particularly for examining the 
association between urban growth and heat island intensity as well as the seasonal 
differences in UHI intensity. Moreover, the population pressure, which developed 
after World War II，provides the opportunity to perform an experiment in watching 
some of the meteorological alternations in the new towns that have been 
established in formerly rural areas. Hence the dense network of weather stations 
in Hong Kong provides an excellent opportunity to examine the UHI 
phenomenon. 
In previous studies of Hong Kong (e.g., Koo，1988; Chan and Ng, 1991; 
Stanhill and Kalma, 1995) little attention was paid to the relationship between 
maximum UHI intensity and meteorological parameters. Climatic factors such as 
wind speed, cloud amount, relative humidity, and solar radiation exert substantial 
influences on the intensity and formation of UHI. Complete observation records 
of meteorological elements in the investigation period will provide sufficient data 
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for analyzing the correlation between weather factors and UHI intensity in Hong 
Kong. 
1.3. Physical setting of Hong Kong 
Hong Kong, adjoining Guangdong Province is situated at the southeastern tip 
of China and immediately east of the Pearl River estuary. It lies between Latitude 
22°09，and 22°37’N，Longitude 113°52' and 114°30,E，with a total land and sea 
areas of about 1,103 and 1,812 km^ respectively (ISD，2002). As shown in Figure 
1.2, the territory includes Hong Kong Island, Kowloon peninsula and the New 
Territories, as well as over 200 outlying islands. The coastline and the mountains 
combine to give a terrain with many complex physical features. 
Hong Kong Island (80 km^), including Green Island and Ap Lei Chau is 
located at the south of Victoria Harbour. It rises steeply from the northern shore to 
a range of treeless hills of volcanic rock, of which the highest point is the Victoria 
Peak (554 m). On the opposite side is the district of Kowloon (47 km^). It is 
bounded by the high mountains such as Kowloon Peak (602 m) and Lion Peak 
(495 m). The remaining part of the peninsula belongs to the New Territories (796 
km^) where the highest peak, Tai Mo Shan (957 m) is located in the centre of 
Kowloon peninsula. Most of the 262 outlying islands are covered with 
uninhabited rocks. The largest island in Hong Kong is the Lantau Island (142 
km^), located at the southwest part of the territory (ISD, 2002). Other islands 






















































































































































































































































































































































































































































































































Hong Kong stands on volcanic terra firma, with its landscape dominated by 
hills and mountains with steep slopes, many of which descend directly into the sea. 
A crest lining from the northeast to southwest forms the backbone of Hong Kong. 
Kowloon peninsula and the northwestern New Territories are mainly flat areas. 
About 75% of the land area is hilly and only 26.2% of the total area of territory is 
below 50 m (ISD, 2002). Hence there is insufficient land for the needs of city 
growth. The distribution of the land usage in 2002 is also shown in Figure 1.1. 
Vegetated area, wetland and water body share about 70% of the total territory. 
Around 6% of the total is cultivable lands and fishponds, and 2% is badland. The 
remaining 22% is the built up area or developed land (ISD, 2002). Details of the 
land use distribution can be found in the Hong Kong Yearbook 2002 published by 
the Information Services Department. 
Before the early 1970s, most of the urban population used to live in both 
sides of the Victoria Harbour. Later the government introduced the new town 
scheme in the New Territories to ease the pressure on developable land in 
Kowloon and Hong Kong Island. In 2002, there are nine new towns, namely 
Shatin, Tsuen Wan, Tuen Mun, Tai Po, Fanling, Yuen Long, Tin Shui Wai, Tseung 
Kwan O and Tung Chung, forming the newly populated districts of Hong Kong 
(ISD, 2002). 
1.4. Climate of Hong Kong 
Hong Kong is dominated by a subtropical monsoon climate. Every year has 
two distinctive seasons, one is the consistently hot and humid summer, and the 
other is cool and dry winter. According to the monthly normal of meteorological 
elements for 30 years (Table 1.1), the annual mean temperature is 23.0�C and the 
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mean monthly temperature ranges from 15.8�C in January to 28.8�C in July. Air 
temperature rarely rises above 35�C in summer or falls below 5�C in winter. 
Annual average relative humidity is 77% with seasonal changes. Mean relative 
humidity exceeds 80% from March until August, but in early winter it may 
occasionally fall as low as 20%. In addition, the average daily duration of 
sunshine ranges from 3 hours in March to 7 hours in July, with the lowest (26%) 
and highest (56%) percentage of possible bright sunshine respectively. The 
maximum mean monthly of daily global solar radiation is recorded in July with 
19.15 MJ/ml 
Table 1.1 Monthly normal of meteorological elements from 1961 to 1990 
Air Amount Relative Sunshine Solar Total Wind 
Month Temperature of Cloud Humidity* Duration Radiation Rainfall Speed  
°C % % Hours M J W mm km/h 
Jan 15.8 58 71 (10) 152.4 11.63 23.4 24.0 
Feb 15.9 73 78 (13) 97.7 10.69 48.0 23.8 
Mar 18.5 76 81 (16) 96.4 11.24 66.9 22.1 
Apr 22.2 78 83 (22) 108.9 13.14 161.5 19.7 
May 25.9 74 83 (23) 153.8 16.12 316.7 19.2 
Jun 27.8 75 82 (29) 161.1 16.55 376.0 21.6 
Jul 28.8 65 80(43) 231.1 19.15 323.5 20.0 
Aug 28.4 66 81 (41) 207.0 17.16 391.4 18.5 
Sep 27.6 63 78 (26) 181.7 16.49 299.7 21.9 
Oct 25.2 56 73 (21) 195.0 15.46 144.8 27.6 
Nov 21.4 53 69 (17) 181.5 13.39 35.1 27.2 
Dec 17.6 49 68 (14) 181.5 12.03 27.3 25.5 
Annual 23.0 65 77 (10) 1948.1 14.46 2214.3 22.6 
* Value of the absolute minimum relative humidity is given in brackets. Source: HKO (2002) 
Hong Kong's climate varies enormously between the two monsoon seasons. 
Generally the dry monsoon season begins in mid to late September and brings 
three months of pleasantly calm days and brilliant clear skies. Nights are cool; the 
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humidity low and day-to-day temperature changes are slight. Early winter is the 
most pleasant time of year, from December through early January, the weather 
normally remains sunny during the day but the nights are considerably cooler 
(HKO, 2002). 
After the New Year the sky is more often cloudy, though rainfall remains 
slight; dull overcast days with a chilly wind are frequent. Coastal fogs occur from 
time to time in early spring when warm southeasterly winds may temporarily 
displace the cool northeasterly (HKO, 2002). The southwest monsoon lasts from 
June to August, but is not as strong and persistent as the northeast monsoon of 
winter. The weather in summer is continuously hot and humid, and often cloudy 
and showery with occasional thunderstorms. It is also the unpredictable Typhoon 
Season, on the average, about 31 tropical cyclones form over the western North 
Pacific and the South China Seas every year, and about half of them reach 
typhoon strength (HKO, 2002). Generally, about one-fifth of them affect Hong 
Kong's climate and necessitate a hoist of tropical cyclone warning signal in Hong 
Kong. 
Average annual rainfall in Hong Kong is about 2,200 mm. There are large 
spatial and seasonal variations in rainfall, ranging from 1,300 mm at Waglan 
Island to more than 3,000 mm on the top of Tai Mo Shan (HKO, 2002). About 
80% of the rain falls between May and September. August is the wettest month 
with an average rainfall of 391.4 mm at the Hong Kong Observatory and, on the 
average, rain falls on more than half of the days in the month. The driest month is 
January with only 23.4 mm of rain and six rain days on the average (HKO, 2002). 
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1.5. Objectives of the study 
Hong Kong is a typical densely populated metropolitan city in Asia. It not 
only suffers distinct environmental problems, but also may have one of the largest 
heat island effects around the world. Therefore it is worth to study the existence, 
pattern and causative factors of UHI in the process of city growth. The objectives 
of the present study are four-fold: 
a. To examine the patterns and changes of air temperature for detecting the 
development of UHI, if any, over the past five decades (1951 — 2002); 
b. To characterize the intensity and temporal variations of UHI; 
c. To investigate the relationship between the formation and intensity of UHI 
and weather conditions; and 
d. To evaluate the effects of urban growth on maximum UHI intensity. 
1.6. Significance of the study 
Warming of local urban climate is of great importance to the community and 
the globe. This study has tremendous significance and it will be able to fill in the 
knowledge gap of UHI development in a coastal city with multiple urban centers 
in a subtropical climate. It is necessary for us to better understand the beneficial 
and undesirable effects of UHI, in order to enhance our understanding of local 
urban climate in the context of regional and global climate change. Finally, the 
results and findings of this study may benefit practical applications for town 
planning, transportation climatology, energy conservation and weather 
forecasting. 
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1.7. Organization of the thesis 
This thesis consists of five chapters. Chapter One introduces background 
information about the urban heat island phenomenon around the world and 
outlines the situation in Hong Kong. Chapter Two is a literature review, which 
summarizes previous studies of the diurnal, seasonal and spatial characteristics of 
UHI. Factors affecting the development and intensity of UHI are also discussed. 
Nine selected meteorological stations with various weather elements, 
indicators of urban growth and several statistics techniques are chosen for the 
examination of temperature changes and UHI characteristics. This information is 
described in Chapter Three. Chapter Four describes the results and discussion, 
based on statistical analyses of meteorological and urban development factors, to 
present the results of UHI pattern and identify the principal rationale. Chapter 
Five is the concluding section, which summarizes the research findings and 





Hong Kong has been experiencing rapid urbanization since the end of World 
War II and its population and economy have grown substantially. Due to the 
limited area and hilly terrain, a keen competition in the locale between different 
land uses has been resulted. As its natural landscape has been substantially 
modified into concrete, asphalt and glass surface, the city climate tends to be 
altered, and air temperatures in the city are higher than in its rural areas. Thus, 
studies on the temperature changes in Hong Kong were performed in the 1980s 
(e.g., Koo, 1988; Koo and Chang, 1989; Chan and Ng, 1991). Nevertheless, 
literature on urban heat island worldwide has existed since about two hundred 
years ago (Landsberg, 1981). Howard (1818) published the first edition of a book 
dealing with the climate of London. According to the ten-year of daily 
temperature readings in London, temperature in July in the city is about 0.6�C 
higher whereas in November 1.2�C higher than in the country. Two important 
characteristics of temperature anomalies: diurnal and seasonal variation of UHI 
and change in the sign of anomaly are observed. 
From another metropolis, Paris, Renou (1868) found that the temperature 
difference between the countryside and the city is about 1 °C at the same elevation. 
The evening differences are the greatest when the weather favours strong radiative 
cooling at night. Typically, city temperature is analyzed by calculating the 
differences observed at stations in and outside the cities. Schmidt (1930) first 
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introduced the use of instrumented motor vehicles in obtaining thermal cross 
section of Vienna in 1927. This facilitated the plotting of isolines of 
meteorological elements and establishing the microclimatic changes across a city 
(Schmidt, 1930). Since that time, particularly after World War II, due to 
reconstruction of cities, numerous urban climate studies have been completed in 
mid-latitude countries. The main expansion in the atmospheric research during the 
1960s and the early 1970s was associated with the accelerating growth of 
urbanization and industrialization, rapid increase of motor vehicles, together with 
an increasing awareness of air pollution. In the past two decades, heat island 
studies have been accomplished not only in the developed countries, but also in 
many developing countries especially in the tropical regions. 
2.2. Nature of Urban Heat Island (UHI) 
Urban environment modifies local climate of a city in many ways. In general, 
urban climates are warmer and less windy than in rural areas. Therefore urban 
heat island is a reflection of the climatic changes brought about by man-made 
modifications of the urban surface. It is a complex, site and episode-specific 
phenomenon and can vary in time and space. Many factors can alter the 
magnitude of UHI on any given day or at any given location. Generally, UHI 
intensity (urban rural temperature differences) varies from a few degrees to over 
ten degree Celsius. UHI intensity has significant diurnal (usually the greatest at 
night), seasonal and annual variations. It also varies from place to place within an 
urban area and can become negative values. 
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Maximum heat island intensity is associated with clear skies and low wind 
speeds. Cloud cover plays a leading role in the radiative exchange in an urban 
area, while wind speed drives the turbulent exchange of heat in and around an 
urban region. The most important reasons for urban areas being warmer are the 
thermal characteristics of the urban fabric and urban geometry, the anthropogenic 
heat released by the urban inhabitants and structure, and change of the radiative 
fields caused by air pollution (e.g., Oke, 1974, 1979; Chandler, 1976; Landsberg, 
1981; Goldreich, 1984; Lee, 1984; Amfield, 1990; Taha, 1997). In rural areas, 
heat absorbed by vegetation is used for evapotranspiration while in urban areas, 
the scope for this conversion to latent heat is much reduced. 
Heat islands are not spatially uniform across a city. Peak temperature of UHI 
is usually observed in the urban core but it will shift downwind if the wind is 
blowing. Sometimes, there may be more than one recognizable peak. It is 
apparent that UHI is a good indicator of the sensitivity of the climate system to 
human forcing at a local level. Hence, heat island of varying extent and magnitude 
has been observed in most urbanized areas around the world (Landsberg, 1981; 
Amfield, 2003). 
2.3. Characterization of UHI 
A number of techniques have been employed to detect the existence of heat 
island and characterize its intensity, temporal and spatial patterns. Examples of 
these methods are time trends at a single urban station (e.g., Chandler, 1965; 
Dettwiller, 1970; Fukui, 1970; Montavez et al., 2000; Tereshchenko and Filnov, 
2001), comparative time trends at one or more urban and rural stations (e.g., 
Mitchell, 1961a; Schmidlin, 1989; Lee, 1992; Camilloni and Barros, 1997; Magee 
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et al., 1999)，statistical comparison of urban rural differences based on pairs of 
station or groups of stations (e.g., Ackerman, 1985; Nasrahall et al； 1990; Karaca 
et al., 1995; Kadioglu, 1997; Tayanc and Toros, 1997), mobile transects across an 
urban area (e.g., Sundborg, 1950; Oke, 1973; Yamashita, 1996，Stewart, 2000) and 
satellite observations (e.g., Rao, 1972; Goward，1981; Gallo et al., 1993; Owen et 
al., 1998). 
2.3.1. Diurnal variation 
Since Howard (1818) first identified and described London's UHI, difference 
between mean values of air temperature at a typical urban site and a station in the 
nearby rural environment has been accepted as a measure of the urban effect on 
local climate (Lowry, 1977). After sunset, the city cools more slowly than its rural 
surroundings due to the greater heating capacity and reduced radiative cooling 
efficiency. Therefore urban rural temperature differences start to rise and urban 
areas are generally wanner than rural ones before sunrise. Consequently, the time 
of maximum heat island intensity is usually observed a few (3-5) hours after 
sunset (Landsberg, 1970a; Norwine, 1973). Mean values of maximum and 
minimum temperatures are commonly applied to examine the effects of 
urbanization on air temperature in daytime and nighttime conditions respectively 
(e.g., Sundborg, 1950; Chandler, 1965; Fukui, 1970; Ackerman, 1985; Yague et al., 
1991, Golderich, 1992; Tso，1996). 
This temporal pattern of UHI is not universally the same because cities have 
different characteristics. For example, Figuerola and Mazzeo (1998) analyzed the 
hourly heat island intensity using three years data. The most frequent occurrence 
of the maximum heat island was at 06:00 hour in all seasons. Both winter and 
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summer had a second peak of frequency, which was observed at 08:00 and 02:00 
hour respectively. In Melbourne, Australia, temperature data measured at 06:00 
EST (Australian Eastern Standard Time) exhibited a more appropriate 
representation of the UHI intensity than using the minimum temperature records. 
This is because the time of occurrence of minimum temperature was different 
between the urban and non-urban areas (Morris and Simmonds, 2000). In order to 
examine the daily variation of UHI intensity in Vancouver between 1991 to 1994, 
Runnalls and Oke (2000) normalized the heat island intensity to the minimum and 
maximum values on a scale of 0 to 1 and converted the 24-hour day to a scale of 0 
to 2, with 0.5 and 1.5 representing the times of sunset and sunrise respectively. 
From the analyses, maximum UHI magnitude occurred in the middle of night 
while a second peak was detected around sunrise. 
Although most of the investigated cities display an urban heat island, 
exceptions still can be found. Nasrallah et al. (1990) reported that there was lack 
of well developed heat island in Kuwait City, which was contrast to the findings 
in Phoenix with a similar arid climate (Hsu, 1984). The similarities in the urban 
rural landscape and location on the Arabian Gulf were suggested as the possible 
explanations of air temperature patterns. Ripely et al. (1996) explored that 
maximum UHI intensity was detected for sunny days in Saskatoon under clear 
and calm conditions. This is because residential area was the dominant land use 
and the portion of central business district and industrial area was relatively small 
in the city. 
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2.3.2. Seasonal variation 
Previous studies generally indicate the year round existence of UHI, but most 
cities exhibit a seasonal difference in UHI intensity. In most mid-latitude cities, 
heat island intensity is often stronger in summer than in winter. At daytime, urban 
fabric absorbs more solar radiation and releases subsequently at night. As wind 
speed is usually lower in urban area, the reduced turbulent mixing may allow 
warmer air to stay near the ground surface. Furthermore the urban surfaces remain 
dry for more often and hence diminish the amount of latent heat (e.g., Hage, 1972; 
Schmidlin, 1989; Lee, 1992; Klysik et al., 1999; Torok et al., 2001; Morris and 
Simmonds，2001). 
Different seasonal patterns in UHI intensity have been reported in the 
literature in recent decades. Brazdil and Budikova (1999) studied the seasonal 
growth of UHI in Prague, The Czech Republic from 1922 to 1995. The most 
conspicuous warming was observed in both winter and spring, while the lowest 
and least significant in summer. During the period from 1973 to 1996，the average 
maximum UHI intensity in Seoul, Korea exhibited the weakest intensity in 
summer whereas the strongest in winter and autumn (Kim and Baik, 2002). 
Reykjavik, an Icelandic city, demonstrated a weak development of urban heat 
island most of the time and it became to a cool island (rural area warmer than 
urban area) in summer (Steinecke, 1999). It was also found that the sub-artic 
radiation budget, frequent onset of cyclones and the closeness to the ocean mainly 
affected the UHI patterns. Two other cities, Barrow and Fairbanks of Alaska, USA 
also exhibited the existence of strong urban heat island during winter because of 
the anthropogenic heat released by human activities and increase in the amount of 
energy consumption (Hinkel et al., 2003; Magee et al” 1999). 
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In tropical cities, the wet-dry seasons play a more significant role in 
influencing the UHI intensity than winter summer differences. Adebayo (1991) 
used the radiation budget to examine the seasonal UHI variation in Ibadan, 
Nigeria. The heat island effect of the city was best reflected by nighttime 
minimum temperature and was higher in the dry season than in the wet season. 
The results suggested that the changes in the wind speed, cloud amount and the 
global radiation during the rainy season controlled the magnitude of UHI in this 
tropical city. Both Mexico City (Jauregui, 1997) and Guadalajara (Jauregui et al., 
1992; Tereshchenko and Filnov, 2001) of Mexico demonstrated stronger heat 
island intensity in the dry season than in the wet season due to the greater thermal 
admittance in rural environments when vegetation and soil moisture were 
abundant. In a arid city of Addis Ababa, Ethiopia (Ali，1999) there was no 
detectable heat island in wet season but a 2.7°C UHI was observed in dry season. 
2.3.3. Spatial distribution of UHI 
Heat island intensity is not uniformly distributed across a city. As discussed 
by Oke (1982, 1987)，air temperature rises sharply at the windward urban rural 
boundary (a cliff) and reaches the peak at the urban core where many high 
buildings cluster (an island). The presence of surface vegetation (park) or water 
bodies (river or lake) produces a local reduction in air temperatures. With a light 
wind condition, the thermal island may move slightly downwind of its source area. 
Traditionally, mobile surveys have been the most recognized means for evaluating 
the micro-meteorological aspects of UHI (e.g., Duckworth and Sandberg, 1954; 
Chandler, 1965; Hutcheon et al., 1967; Landsberg, 1979; Park, 1986). This 
sampling method enables temperatures to be obtained from areas of different land 
use under a range of synoptic weather conditions. Hence this spatial survey 
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provides sufficient data for mapping the horizontal air temperature distributions of 
the entire city. 
Recently, Moreno-Garcia (1994) and Alonso et al. (2001) adopted mobile 
transects to record and configure out the UHI profile of Barcelona and Salamanca, 
Spain. The results indicated that Barcelona's UHI on many occasions formed 
concentric zones and thermal plateau at the point of maximum intensity could be 
observed due to the homogeneity of central business district area. Also, a seasonal 
movement of UHI in spring and summer was detected because of the maritime 
influence from the Mediterranean Sea. Apart from the city center, there were two 
other cores of UHI in Salamanca as a result of the high traffic density. Owing to 
the similar morphological features in the western part, the thermal gradient was 
usually smaller than the others. Correspondingly, the spatial patterns of maximum 
UHI intensity in Szeged, Hungary demonstrated regular concentric shapes and the 
isotherms increased from the outskirts to the central urban areas, with no 
difference in the seasonal patterns of UHI (linger et al., 2000, 2001). The research 
illustrated that the alternation in the build-up density controlled the regularity of 
the temperature anomalies. 
After Rao (1972) first utilized weather satellite to measure the urban 
warming effect with high spatial resolution, many researchers have employed 
satellite images for urban climate analyses (e.g., Price, 1979; Kidder and Wu, 
1987; Roth et al., 1989; Lo et al., 1997; Gallo and Owen, 2002; Streutker, 2002), 
particularly in spatial distribution of UHI. Based on the data from LAND SAT 
thermal band in Tou Pay oh New Town of Singapore, Nichol (1994) found that the 
surroundings of the low rise town center was warmer than the environments of 
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high residential block because of the shadowing effect. The results also indicated 
that the surface temperatures obtained from remote sensing were parallel to the 
in-situ measurement of temperatures. Dan and Dan (2001) utilized AVHRR 
thermal data to analyze the UHI intensity of different cities in Sichuan Province, 
China. The study reported that the maximum heat island intensity and the 
distribution were consistent with the built-up areas as well as related to the urban 
functional areas. The heat island peak zone was thus formed at the center of 
Chengdu City. Using the LAND SAT thermal infrared images, Bekele (2002) 
assessed the heat island intensity in a small town of Monongalia County, West 
Virgnia. Examination of the thermal images indicated that the commercial and 
residential areas were places with highest intensity of heat island relative to 
vegetation and water in the city. 
2.4. Effects of weather factors on UHI intensity 
Development of UHI is closely linked to local weather conditions. It is well 
known that UHI is more prominent at a clear and windless night (e.g., Yague et al., 
1991; Klysik and Fortunick, 1999; Montavez et al., 2000). Recent studies show 
that the maximum UHI intensity is observed in anticyclonic conditions during 
cold periods (e.g., Yague et al., 1991; Morris and Simmonds, 2000). Sundborg 
(1951) reported a pioneering work that linear regression method was used to 
quantify the correlations between UHI intensity and meteorological elements such 
as cloudiness, wind speed, and relative humidity. There is a negative correlation 
between the UHI intensity and cloud amount and wind speed in Uppsala, Sweden 
while the magnitude is larger at night than at noon. These regression models 
provide guidance for further investigations. 
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Duckworth and Sandberg (1954) used mobile transects to obtain temperature 
records in San Francisco area, USA. The research demonstrated a significant 
relationship between UHI intensity and regional weather conditions in which clear 
skies and light wind produced the greatest urban rural temperature differences. 
Based on two years (1959 - 1960) daily maximum and minimum temperature 
differences at Kensington and Wisely, UK, Chandler (1965) applied the method 
of partial regression equations to examine the relationship between UHI intensity 
and certain climatological elements including wind speed, cloud amount, and 
temperature range. From the analyses, the intensity of nighttime heat island was 
controlled to a greater extent by wind speed and cloud amount while there was 
lack of influence of temperature range on daytime heat islands in both seasons. 
Similar to the findings of Sundborg (1951), the regression model in daytime 
conditions explained a smaller part of variance on UHI intensity, owing to the 
more variables and complex atmospheric conditions during the day. Similar 
studies have been conducted and documented around the world, for example, 
Seoul (Park, 1986); Johannesburg (Goldreich, 1992); Barcelona (Moreno-Garcia, 
1994); Goteborg (Eliasson, 1996; Upmanis and Chen, 1999); Buenos Aires 
(Figuerolu and Mazzeo, 1998); Alsaka (Magee et al., 1999; Hinkel et al., 2003); 
Bucharest (Tumanov et al., 1999); Granda (Montavez et al., 2000) and Melbourne 
(Morris and Simmonds, 2001). Their findings suggested that wind speed and 
cloud amount, are the most significant factors influencing the development and 
intensity of heat island. This is because open skies allow more loss of longwave 
radiation in rural landscapes whereas weak wind reduces the turbulent mixing 
between urban and rural atmosphere. 
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In a number of cities, UHI is more sensitive to wind speed. Nicholas (1971) 
clearly showed the influence of wind on temperature distributions in Washington 
D.C. metropolitan area, USA. The study exhibited that the minimum temperatures 
of the area became very uniform with strong northwest wind after a cold front 
passing the metropolitan area, even though there was a 100 m difference in the 
topography and presence of river in the area. Further evidences emphasized the 
greater importance of wind speed. Under a clear sky, a night with weak winds 
(<3 m/s) caused a 6°C heat island, while no noticeable temperature differences 
was detected with strong wind in the same season. In a more detailed study, Oke 
and Hannell (1970) related wind speed to city size, using population data from 
cities of different sizes including London, Montreal, Bremen, Hamilton, Reading, 
Kimagaya, and Palo Alto. The results indicated that winds as light as 4 m/s could 
eliminate the heat island effect in a small town and the variance explained by the 
empirical relation was a remarkable 94 percent. Therefore, a threshold value of 
wind speed which prohibited the development of UHI was clearly exhibited and 
varied from places to places. In general, the critical value for UHI development 
varied from about 5 m/s for a city with about 50,000 residents to 11 or 12 m/s for 
metropolitan areas with over 1 million population (Landsberg, 1981). 
In order to examine the maximum heat island intensity and the influence of 
meteorological factors, most studies have been carried out to investigate the 
formation of UHI using a relatively short time series of air temperature data under 
the optimal conditions (windless and clear sky). Normalization of variables or 
filtering the dataset is employed to evaluate the substantial influence of a certain 
variable while others are held constant in some studies. Thus the interaction 
between prevailing synoptic conditions and variations in the UHI intensity is often 
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less explained. Unwin (1980) is the first one who examined the climatology of 
UHI under normal whether events. Based on ten-year daily maximum and 
minimum temperature records from an urban and rural site in Birmingham, UK, 
Unwin (1980) categorized the weather types and calculated the maximum 
nocturnal UHI intensity within each weather type. The computation confirmed 
that the highest UHI intensity was associated with anticyclonic conditions 
whereas the lowest intensity was observed under the onset of cyclone. Unger 
(1996) also classified the weather types in order to establish a relationship 
between the values of UHI and the meteorological conditions in Szeged, Hungary. 
This study revealed that anticyclonic conditions caused the greatest mean UHI 
value while weaker intensity occurred when Hungary was subjected to the 
influence of cyclone. 
Similarly, Yague et al. (1991) and Tumanov et al. (1999) determined the 
association between synoptic conditions and the UHI intensity in Madrid, Spain 
and Bucharest, Romania. The two studies discovered that anticyclonic conditions 
have the greatest preponderance on the development of UHI during cold periods 
and the cyclonic conditions with windy weather have the least. On a seasonal 
basis, UHI showed the greatest intensity during summer months. On the other 
hand, Morris and Simmonds (2000) used a more objective approach in which the 
UHI intensity was categorized into six groups depending on its daily magnitude, 
and to examine the influences of different mean sea level pressure conditions on 
different UHI magnitudes. As the result of analyses, anticyclonic conditions where 
the center of the pressure anomaly located over the east coast of Tasmania resulted 
in the greatest UHI event (> 3�C) with 17%. About 1% of the weakest UHI event 
(< -1°C) was associated with anticyclone when the pressure anomaly located 
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further south east over the Tasmania sea. Hence the weakest UHI events were not 
associated with cyclonic conditions. 
Apart from the commonly observed weather elements, other less examined 
variables have also been taken into account. Using daily radiation data for 154 
days derived from AVHRR and in-situ observations at urban and rural stations of 
Shanghai City, China, Chow et al. (1994) examined the effect of solar radiation on 
the heat island intensity. Regression analysis explained a positive influence of 
direct solar radiation on UHI intensity while wind speed and cloudiness had a 
negative effect. Figuerola and Mazzeo (1998) described the importance of wind 
direction on maximum heat island intensity in Buenos Aires, Argentina. The wind 
directions were divided into two groups depending on the origin of wind. The 
results showed that strong winds from the city toward rural areas and winds from 
the river enhanced the turbulent mixing of air and facilitated the occurrence of a 
cool island (rural area warmer than city). 
Although cloud amount is obviously relevant to the UHI intensity, Oke (1998) 
suggested that the base height and temperature of the cloud were the critical 
factors influencing urban and rural net longwave radiation balance. As quantified 
through the Bolz cloud formula to correct cloudless sky net longwave radiation 
values for the effects of cloud and cloud type, cloud cover was revealed to have a 
positive exponential function with heat island intensity. This finding implied that 
UHI intensity is more sensitive to high cloud of lower density. Stewart (2000) 
examined the influence of antecedent meteorological conditions on UHI of Regina, 
Canada. Nocturnal heat island intensity was highly sensitive to changes in wind 
speed and cloud cover, and relatively insensitive to changes in humidity and 
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atmospheric pressure from the observations. When antecedent weather conditions 
were included in the analyses, the daytime and post-sunset cloud cover explained 
20% more variance on UHI than antecedent wind speed. Therefore it is better to 
consider the weather conditions in the hours preceding heat island event. 
Kim and Baik (2002) attempted to derive relationship between maximum 
UHI and various predictors (UHI intensity of the previous day, wind speed, 
cloudiness, relative humidity, and water vapour pressure) at two meteorological 
observatories in Seoul, Korea during the period of 1973 - 1996. Multiple linear 
regression analysis and three-layer back propagation neural network model were 
employed to predict the maximum UHI intensity. The results illustrated that the 
previous day maximum UHI intensity was the most important factor and 
positively correlated with the maximum UHI intensity, except water vapour 
pressure, other three predictors had a negative correlation with UHI intensity. For 
all tested datasets, the neural network model was proven to improve the ability of 
regression model in predicting the UHI intensity. This is because the neural 
network has an internal ability to take complex nonlinear interactions into 
account. 
2.5. Relationship between urban factors and UHI intensity 
There have been a large number of attempts to evaluate the effect of city 
growth on its heat island intensity. However, difficulties have been encountered in 
identifying some suitable parameters to quantifying the growth of a city for this 
purpose. In the early 1950s, Mitchell (1953) noted that temperature rises in cities 
could be explained by a function of population growth and generally city growth 
led to higher UHI intensity. The square root of population number was found to 
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be the most representative factor for the urban contribution to the air temperature 
changes (Mitchell, 1961b). Landsberg (1975) confirmed the relationship between 
maximum UHI values and population, using the population figures from 1967 to 
1974 in a growing community of Columbia, Maryland. The study revealed that 
there was a linear proportional relationship between the growth of maximum heat 
island intensity and the logarithm of population. In general, population can be 
considered as an integrated measure of urban landscape, representing the physical 
city size, anthropogenic heat production and urban structure. Consequently, most 
previous studies based on this consumption demonstrate a substantial association 
between UHI intensity and population (e.g., Fukui, 1957; Park, 1986; Yamashita 
et al., 1986; Goldreich, 1992; Hogan and Ferrick, 1998; Tereshchenko and 
Filonov, 2001; Torok et al., 2001). 
Some other studies compared heat island from many different sizes of 
settlements for the same period. Using population, population density and built-up 
area data from San Francisco, San Jose and Palo Alto in USA, Duckworth and 
Sandberg (1954) found that UHI intensity increased with increasing city size. Oke 
(1973) demonstrated a linear relationship between the logarithm of urban 
population and the maximum UHI intensity for North American and European 
cities and identified two different correlations for the two continents. Karl et al. 
(1988) indicated an exponential relationship between mean urban rural annual 
temperature differences and urban population with an exponent value of 0.45. The 
results showed that towns with a population of 10,000 were 0 . 1 � �w a n n e r for 
mean annual temperatures than rural surroundings. Consistent with the results in 
United States, Coughlan et al. (1990) concluded that the relationship between 
population and average UHI effect was best described by an exponential 
28 
expression in seven Australian cities, even with a smaller exponent value (0.3). 
However, the form and slope of the regression lines were different for each 
country due to the differences in morphology, function and location of cities (e.g., 
Oke, 1973; Jauregui, 1986; Park, 1987). 
In contrast, Chandler (1964) analyzed that city size was relatively 
unimportant to UHI. In comparison of urban-rural temperature differences in 
Leicester and London with similar urban development, the UHI intensity was the 
same in Leicester (population 270,000) and London (population 8.25 million) at a 
single night with clear skies and calm conditions. But there was a close 
relationship between city size and heat island intensity over a longer investigation 
period. Adebayo (1987) examined the effects of urbanization on air temperature of 
a tropical city (Ibadan, Nigeria) with substantial growth in both population and 
city size. From the analyses, there was no clear evidence of the increase in UHI 
intensity with increasing city size between 1961 and 1980. Recently, Bohm (1998) 
studied the development of UHI in Vienna with a zero population growth during 
1951 to 1995. As the results of analyses, Vienna with constant population showed 
a significant upward trend of the annual urban temperature (0.6°K in 45 years) due 
to the changes in urban morphology and energy consumption. The study 
suggested that UHI intensity should not rely on regression between population 
and heat island only and the urban effect was more strongly influenced by the 
local surroundings than by the city as a whole. 
The total population of a city is often not a direct indicator of the number of 
residents living in a district where the weather station is located. Hence population 
data alone is not a globally applicable method for investigating and evaluating 
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UHI pattern but seems to be the most available data for each city. Heat island is 
used to describe the modification of local climates (Chandler, 1965; Oke, 1981， 
1987), which can reflect the land use characteristics within an urban area. 
Therefore the greatest interest in the urban study is the layout of city elements and 
its influences on air temperature. In the late 1970s，Auer (1978) studied the aerial 
photo and mapping of the metropolitan St. Louis area to identify and classify the 
land use type and the percentage of vegetative cover. The observed 
thermodynamic, kinematics and radiative anomalies in the vicinity of the 
metropolitan area were shown to be affiliated with land cover characteristics. The 
study also recommended that details of population, areal extent and land use cover 
must be considered in assessing the urbanization impacts on local weather. 
Park (1986) measured the percent of land use type within each predetermined 
grid cell in Seoul, Korea. It was found that the prevailing land use types in the city 
outskirts such as green belt, agricultural area and water surface played an 
important role in lowering the urban temperature. The dominant land use types in 
urban area especially those with impermeable surface materials coincided with 
higher air temperatures in urban area. Consistent with the previous findings, 
linger et al. (2000) and Alonso et al. (2003) demonstrated a clear connection 
between urban thermal excess and built-up area, while the role of water surface on 
urban heat storage was negligible as shown in the model developed by Unger et al. 
(2000). Upmanis et al. (1998) described the cooling influence of parks in 
Goteborg, Sweden. Recently, the normalized difference vegetation index (NDVI) 
computed from the remote sensing data has been shown to be a useful indicator of 
the magnitude of differences observed in the minimum temperature of urban and 
30 
rural areas (e.g., Carlson et al., 1981; Gallo et al., 1993; Lo et al., 1997; linger et 
al., 2001). 
In order to examine the causation of heat island in a particular area, Oke 
(1981) employed a scale model to evaluate the role of geometry on heat island for 
the case of calm and cloudless conditions at night as well as without 
anthropogenic heat release. The results of experiment illustrated that canyon 
geometry of a city (as measured by a sky view factor) and thermal admittance 
differences could largely account for the formation of nocturnal UHI due to its 
role in regulating longwave radiative heat loss. Further field quantification was 
required for evaluating the magnitude of thermal admittance. Although these 
variables were able to precisely describe the urban heat for the settlements of 
many geographical regions, the spatial pattern of air temperature differences 
within a city could not be described because of the variations in anthropogenic 
heat production and thermal properties. Several studies (e.g., Barring and 
Mattsson, 1985; Park, 1987; Eliasson, 1991; Goldreich，1992; Upmanis and Chen, 
1999; Montavez et al., 2000) have confirmed the relationship between sky view 
factor and height to width ratio (H/W ratio) as a measure of urban geometry with 
the trends of air temperature and rate of temperature changes both in urban and 
rural areas. 
In another study, Oke et al. (1991) applied a surface heat island model which 
simulated the thermal regime of urban and rural surfaces under calm and clear 
skies at night to assess the relative importance of the hypothetical causes of UHI. 
Results showed that the effects of street canyon geometry on radiation and of 
thermal properties on heat storage release were the primary and causes of equal 
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importance on temperature differences. The release of anthropogenic heat from 
buildings was also important, but it depended on the wall insulation. A very 
important implication of this study was the influence of soil moisture on surface 
thermal admittance which determined the rate of surface temperature changes in 
response to heat gain or loss. Both numerical and scale models demonstrated that 
urban rural differences of thermal admittance can significantly affect the cooling 
rates between urban and rural areas as well as the seasonal pattern of UHI (e.g., 
Amfield, 1990; Runnalls and Oke, 2000). 
There is a transformation of city geometry from natural and residential usage 
to the integrated use of different functions to attain successive growth in the 
economy. This is happening both in Hong Kong and around the world that leads to 
a modification of climate in the city and has aroused great awareness in the 
pattern, causation and consequence of increase in air temperature. 
Urban heat island (UHI) is the major consequence of temperature differences 
in and outside the city center. There is no standard value of UHI intensity but it 
exhibits a substantial alternation in diurnal, seasonal and annual patterns within 
each urban area. Differences between cities are not only due to variations in their 
urban morphology and the relative importance of the liberated heat of combustion, 
but also to differences in the geographical location and regional climates, more 
particularly in relation to the seasonal changes in wind speed, cloud amount and 
the incidence of temperature inversions (e.g., Chandler, 1976; Landsberg, 1981). 
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For a number of reasons, such as the complicated urban terrain (surface 
geometry and materials etc.), the need of expensive instrumentation, and 
sophisticated numerical and physical models, it is difficult to simulate the actual 
factors and physical processes generating the UHI phenomenon. The following 
chapters, thus, concentrate on detecting and evaluating the diurnal, seasonal and 
annual variations of the UHI phenomenon. In this study, correlation and 
regression analyses can still be an important and useful method to examine the 
relationship between the maximum heat island intensity and weather elements and 
urban growth in Hong Kong. 
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CHAPTER III 
WEATHER DATA AND METHODOLOGY 
Data used for investigation of the temperature evolution and UHI patterns in 
Hong Kong span from 1951 to 2002. Daily meteorological records for a total of 
nine stations are obtained from the Hong Kong Observatory (HKO). The selection 
of the stations is based on the length of record and the consultation from HKO. 
The record durations vary among stations but all have been measured within the 
study period. All of the stations have daily records, however, data of the 
Automatic Weather Station (AWS) may not be available over certain periods of 
time because of equipment failure or telecommunication problems. Annual, 
seasonal and monthly average values are derived from daily mean data. In 
addition, indicators of urban development are obtained from statistical year books 
and annual reports published by the Hong Kong government. Present study only 
concentrates on the statistical analyses. Both parametric and non-parametric 
methods are employed to examine the temperature changes and UHI phenomena 
in Hong Kong. 
3.1. Surface meteorological observation 
In Hong Kong, there are four stations manned by the HKO staff, i.e. the 
Hong Kong Observatory Headquarters, King's Park Meteorological Station, Kai 
Tak Airport Meteorological Office and Chek Lap Kok Airport Meteorological 
Office. Since 1984, 62 AWS have been set up and 24 of them are full stations. 
Measurement of wind, temperature, relative humidity, atmospheric pressure and 
rainfall is made continuously by field instruments at AWS. Data from AWS are 
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transmitted to the HKO at one minute interval via telephone circuits or UHF radio 
links (HKO, 2002). Both manned and automatic weather stations are operated by 
the HKO. Locations of weather stations as at December 2002 are shown in 
Figure 3.1 (HKO, 2002). In order to examine the influence of regional or local 
effects, particularly urbanization on local climate change, meteorological elements 
from nine representative urban (urban center and new town) and rural stations are 
selected for the study. Relevant information on the weather stations which are 
classified according to their location is given in Table 3.1. 
3.1.1. Meteorological stations 
Hong Kong Observatory Headquarters (HKO) is the oldest manned weather 
station, situated in the heart of the densely populated and commercial center of 
Kowloon. Weather measurements began in 1884 and the records are uninterrupted, 
except for the period from 1940 to 1946. As a result of urban encroachment, HKO 
has inevitably been affected by some degree of urbanization and it can represent 
the conditions in the urban boundary layer. Therefore local effects on climate 
change can thus be effectively reflected from the measurements at the station 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































With a park adjacent to it, King's Park Meteorological Station (KP) is located 
about one kilometer north of the HKO on the top of a hill which is 65 m above 
mean sea level (MSL). It was built shortly after the war years (1951) as a 
consequence of difficulties experienced in launching radiosonde balloons at the 
HKO due to obstructions by surrounding buildings (Wong et al., 1996). It serves 
as the only upper-air station in Hong Kong. Two important meteorological factors, 
global solar radiation and duration of sunshine are only measured at King's Park. 
This study utilizes the King's Park data from 1964 onwards because reliable and 
continuous data became available since that year. 
Sha Tin AWS, Tuen Mun AWS and Tseung Kwan O AWS are classified as 
new town station. Sha Tin AWS (ST) established in 1984 and is surrounded by 
sloping hills on three sides but is most exposed to the northeast (Ng and Wong, 
1998a). In 1985，the instrument was removed from the racecourse about 1 km 
southeast of Sha Tin Hoi to the present exercise area about 50 m away from the 
original site. Hence only the data after 1985 are used for analyses. Tuen Mun 
AWS (TM) is situated on the roof of Tuen Mun Government Building, with 
exposure to the northeast and the south but sheltered by the hills in the east and 
west (Ng and Cheng, 1999). Tseung Kwan O AWS (TKO) which was set up in 
1991 has the shortest observation period and records of data among the nine 
stations (HKO, 2002). Reliable data of these two stations are only available after 
1988 and 1992 respectively. 
Four rural stations are chosen to examine the regional temperature evolution 
and they serve as the control station for comparison of urban temperature changes. 
Waglan Island (WGL) is an oceanic meteorological station located 19 km away 
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from the southeast coast of HKO. The island's total area is about 0.1 km^ with the 
highest point at 58 m above MSL. The station is located at the lighthouse on the 
southern island and the closest inhabitation in Hong Kong Island is more than 10 
km away. More than 80% of the year this rural site is upwind of the urban 
metropolis and hence generally unaffected by heat effects of the urban canopy. In 
addition, it has a good exposure to winds and the environment remains practically 
unchanged (Koo and Chang, 1989; Ng, 1997b; Leung et al., 2004). Although 
operation started at WGL in 1953, digital temperature records became available 
after the year of 1968. 
Cheung Chau Aeronautical Meteorological Station (CCH) was established in 
1959, situated at the southeast of Lantau Island with the highest point of 106 m on 
the northern part. Owing to the obstruction caused by the surrounding high 
buildings, the station was moved to an open environment on a mountain ridge on 
20 April 1970 (Ng, 1997a). With the station's height at 72 m above MSL, it has a 
very good exposure and is more than 10 km away from the Hong Kong Island (Ng, 
1997a). Because of the great differences between the two locations, only data after 
1970 are used in this study. Given the consistent site exposure and data 
availability, Cheung Chau and Waglan Island are selected among other stations as 
rural control stations. 
Simultaneous temperature records of Lau Fau Shan AWS (LFS) and Ta Kwu 
Ling AWS (TKL), two rural stations situated in the north and northwestern part of 
the New Territories are also used for comparison. The first operation of LFS 
station is launched on 16 September 1985. It is located in Lau Fau Shan Police 
Station, which is adjacent to Hau Hoi Wan about 5 km northwest of Yuen Long 
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town centre (Ng and Chan, 1999). TKL station has been in operation on 14 
October 1985. It is situated at a Government farm with an area of 5 hectares at 
about 12 m above MSL, 4 km northeast of Sheung Shui and surrounded by 
several high hills. Due to the improper instrumentation at TKL, the temperature 
record was found to be higher than the ambient temperature on summer 
afternoons before June 1988. Then it was re-sited to the screen box next to the 
conventional rain gauges at the same station (Ng and Wong, 1998b). Given the 
reliability of the data, evaluation of the temperature records of these two stations 
only covers the period after 1989. 
3.1.2. Methods of observation 
Surface meteorological measurements refer to the observations of 
meteorological elements made near the Earth's surface with the aid of trained 
observers at the HKO Headquarters and passive sensors at AWS. Since 1982, 
digital thermometers with platinum resistance sensors have been used to measure 
the dry-bulb, wet-bulb, maximum and minimum air temperatures. Conventional 
mercury-in-glass thermometers are used for back-up purpose. Temperature 
sensors are placed either in a Stevenson Screen or an open shed with a roof made 
of mattress at a height about 1.2 m above the ground (HKO, 2002). Values of 
relative humidity are calculated automatically from readings of the dry-bulb and 
wet-bulb temperatures by a microcomputer using the modified Hooper's method 
(Sargent, 1980). Daily maximum and minimum temperatures are extracted from 
the 1-minute data recorded at each AWS. Autographic records of the dry-bulb and 
wet-bulb temperatures are kept and used for quality control of air temperature data 
(HKO, 2002). 
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Most meteorological stations are equipped with R.W. Munro Mk 4 
cup-generator anemometer and combined vane for wind speed and direction 
measurement. In general, anemometers are mounted on masts at a height of about 
10 m above the highest obstructions in the vicinity. Hourly prevailing wind 
directions and mean speeds are derived from the values of 60 minutes within each 
hour. Prevailing wind directions are obtained from the frequency distribution of 
wind direction by applying a 5-term binomial weighing factor (1-4-6-4-1) (HKO, 
2002). Due to the good geographical exposure and minimal direct influence from 
urbanization, wind records of Waglan Island can best represent the general wind 
flow over Hong Kong (HKO, 2002). Visual observations of cloud amount and 
estimation of horizontal visibility are made hourly at the HKO by trained 
observers (HKO, 2002). Since 1 April 2000, cloud amount is observed only at the 
Observatory. 
Duration of sunshine is recorded by a Campbell-Stokes recorder, which is 
4.9 m above ground and 69.7 m above MSL on the roof of the Radiation 
Laboratory at King's Park. Hourly values of global solar radiation are measured 
by a thermo-electric pyranometer (sealed thermo-pile dome solarimeter) 
manufactured by Kipp & Zonen of Holland, together with an integrating counter 
(HKO, 2002). Additionally, a bimetallic actinograph is used as a back up 
instrument. The pyranometer is installed on the same roof top and close to the 
sunshine recorder (HKO, 2002). Details of the instruments and methods of 
observation used at the stations are described in the Summary of Meteorological 
Observations in Hong Kong 2002 published by the Hong Kong Observatory. 
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3.2. Acquisition and processing of data 
Daily surface meteorological data from the nine weather stations are obtained 
from the HKO. Details of the meteorological elements collected from the weather 
stations are listed in Table 3.2. A preliminary processing of data is necessary 
before conducting quantitative analysis. In the present study, daily records are 
processed and provided by the HKO as average values of the 24 hourly readings 
in a day. Incomplete 24-hour average daily records are excluded from the datasets. 
Based on the daily record, monthly, seasonal and annual values are computed. 
Four seasons are categorized in which spring refer to the period from March to 
May, summer from June to August, autumn from September to November and 
winter from December to February. Table 3.3 shows the descriptive summary of 
the surface meteorological elements. The sample size of the data ranges from 
4,018 to 18,993 data points. Missing and incomplete value will not be included in 
the analysis thus the percentage of data available for computation ranges from 
55.5% to 100%. In a climatic study, it is important to have access to reliable data 
which are free from artificial changes such as station relocation, changes in 
observational procedures or instrumentation etc. Major change of observations 
from manual to automatic in which mercury-in-glass thermometers were replaced 
by digital platinum resistance thermometers at Hong Kong Observatory 
Headquarters (1981), Waglan Island (1989) and Cheung Chau (1992). Thus 
homogeneity test must be carried out before using the data for trend analysis. 
Using the Student's t-test, Leung et al. (2004) found that there is no evidence of 
data inhomogeneity owing to the changes in instrumentation and observational 
practices at the above three locations. In addition, the air temperature series are 
analyzed using the Kolmogorov-Smimov test in SPSS and the distributions of 
data are normally distributed. 
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Table 3.2 Meteorological data used in this research 
Type Station Element Symbol Period 
Daily average of maximum temperature T max 
Daily average of mean temperature T mean 1951 - 2002 
Daily average of minimum temperature T min 
H K O  
Urban Daily average of cloud amount CLD 1961 - 2002 
Center Daily average of relative humidity RH 1965 - 2002 
Daily average of visibility VISI 1968 - 2002 
Daily total duration of sunshine DUR 1961 - 2002 
KP  
Daily total global solar radiation RAD 1968- 2002 
Daily average of maximum temperature T max 
ST Daily average of mean temperature T mean 1986 - 2002 
Daily average of minimum temperature T min 
Daily average of maximum temperature T max 
New 
TM Daily average of mean temperature T mean 1988 - 2002 
Town 
Daily average of minimum temperature T min 
Daily average of maximum temperature T max 
TKO Daily average of mean temperature T mean 1992 - 2002 
Daily average of minimum temperature T min 
Daily average of maximum temperature T max 
Daily average of mean temperature T mean 1968 - 2002 
WGL 
Daily average of minimum temperature T min 
Daily average of mean wind speed WS 1975 - 2002 
Daily average of maximum temperature T max 
CCH Daily average of mean temperature T mean 1971- 2002 
Rural Daily average of minimum temperature T min 
Daily average of maximum temperature T max 
LFS Daily average of mean temperature T mean 1989 - 2002 
Daily average of minimum temperature T min 
Daily average of maximum temperature T max 
TKL Daily average of mean temperature T mean 1989 - 2002 
Daily average of minimum temperature T min 
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Table 3.3 Descriptive summary of the meteorological data 
Station Element Number of Missing Incomplete Percentage of 
data points points points* complete data points 








= == : = = = = = ^ ^ = = = •  
DUR 15,340 
KP Nil Nil 100% 
RAD 12,784 
T max 47 2,275 62.6% 
ST T mean 6,209 47 Nil 99.2% 
T mm 47 2,275 62.6% 
Tmax 82 2,036 61.3% 
TM T mean 5,479 84 Nil 98.5% 
Tmin 82 2,036 61.3% 
Tmax 395 1,392 55.5% 
TKO Tmean 4,018 396 Nil 90.1% 
Tmin 395 1,392 55.5% 
T max 407 3,099 72.6% 
Tmean 12,784 422 Nil 96.7% 
WGL  
T min 397 3,099 72.7% 
WS 10,227 96 Nil 99.1% 
Tmax 36 1,373 87.9% 
CCH Tmean 11,688 37 Nil 99.7% 
Tmin 36 1,373 87.9% 
Tmax 89 1,931 60.5% 
LFS Tmean 5,113 91 Nil 98.2% 
Tmin 89 1,931 60.5% 
Tmax 69 1,914 61.2% 
TKL Tmean 5,113 69 Nil 98.7% 
Tmin 69 1,914 61.2% 
* Incomplete 24 hours daily average records. 
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Apart from the weather data, urban development data are also employed in 
the study. Both monthly and annual data are collected from the statistical year 
books or annual reports of various government departments. Table 3.4 
summarizes the basic information of the socio-economic factors used in this 
research. Based on the purposes of this study, the data will be grouped into 
different subsets. Programs for all computations and statistical analyses are 
prepared using the Excel and SPSS program. 
Table 3.4 Socio-economic data collected and utilized in this research 
HKSAR Government Data Period Type 
Census and Statistics Department Total population 1971 - 2002 Annual 
Planning Department Urban land use distribution 1971 - 2002 Annual 
Electrical and Mechanical Total energy consumption 
1971 -2002 Monthly & Annual 
Services Department (electricity & gas) 
Total registered vehicles 
Transport Department Average daily number of 1971 - 2002 Monthly & Annual 
passenger journeys 
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3.3. Detection of urban heat island in Hong Kong 
Like many other cities, Hong Kong has experienced rapid development over 
the last five decades. In the first part of this study, time series of air temperature 
records at all stations are evaluated in order to examine and identify the patterns 
of temperature changes over the years. Both parametric and non-parametric 
methods are employed to assess the temperature series. Similar to Karl et al. 
(1993), Portman (1993), Easterling et al. (1997) and IPCC (2001), bivariate 
regression method is used to detect, if any, significant increasing or decreasing 
trend of temperature. The sequential version of Mann-Kendall rank statistics test 
is adopted to investigate the approximate starting and turning period of the trends 
(e.g., Goossens and Berger, 1986; Sneyers, 1990; Kadioglu, 1997; Tiirkes et al., 
2002). Temperature time series are grouped into three subsets: monthly, seasonal 
and annual means. 
The least-squares linear regression equations are calculated to detect 
warming or cooling rates. In estimating linear regression line, the simple 
least-squares approach is employed, an equation is solved of the form 
T = a + b^Y, (3.1) 
where T is temperature; Y is time (year, season or month); a is the intercept and b 
is the slope. The trend of the temperature series can then be revealed from the 
slopes of these straight lines. The statistical significance of each estimated b 
coefficient is tested using the two tailed f-test for significance with (n - 2) 
degrees of freedom at 95% confidence level. The formula for t is: 
、 巨 , (3.2) 
V l - r 
The null hypothesis ( / /�： trend = 0) against the alternative hypothesis 
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(H, ： trend 本 0) is tested by t value, and for the absence of any significant trend 
is rejected for large values of absolute value of t. 
The non-parametric Mann-Kendall rank statistics (e.g., Yague et al., 1991; 
Karaca et al., 1995; Montavez et al., 2000) is used to detect and identify the 
approximate beginning of an abrupt change in temperature series. The procedure 
of the test is given as follows: 
1. Values of x. the original observation are replaced by their corresponding 
rank y. which is arranged in an ascending order. 
2. For each elementy., the number n. of elements y). preceding it (i > j) 
is calculated such that y. > yj. 
3. The test statistic t- is written as 二 
4. The distribution function of the test statistic t. has a mean and a variance as 
= and var(/,) 二 - 1 ) ( 2 « + 5)/72 . 
5. Values of the statistic are then computed as 
" ( / , ) 二 [,厂邵,)]/Vvar(〜）. (3.3) 
6. Finally, the values of are similarly computed backward starting from 
the end of the series and given as //'(/•) 二 • 
The Mann-Kendall test statistic ju{t.) is a value that indicates direction and 
statistical magnitude of the trend in a series. When the ) is significant at 
95% confidence level, it can be decided whether it is an increasing or decreasing 
trend, depending on whether reaches one of the value ±1.96 (z value). 
The intersection of the curves of //(/, ) and //(X ) enables the beginning of a 
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trend in the series to be located approximately. Without any trend, a time series 
plot of the values and ju\t.) show curves that overlap several times. 
3.4. Characterization of UHI intensity, frequency and temporal patterns 
In the second part, attempts are made to characterize the intensity and 
frequency of UHI in the city by comparing daily temperatures between two 
stations, typically between an urban and a rural station. Daily maximum and 
minimum temperature are used to represent the occurrence of daytime and 
nocturnal UHI intensity {UHI^, UHI”). To best represent the rural background air 
temperature, average temperature of two stations, Waglan Island and Cheung 
Chau, located at different elevations are used. Since the urbanization process in 
Hong Kong has been rapid and extensive, climatic alternation may occur in the 
new towns that have been established in formerly rural areas. 
ATW — r = ^(^urban)丨 ^{newtown) — ^{rural) , ( 3 . 4 ) 
where refers to Hong Kong Observatory, indicates Shatin, Tuen 
Mun and Tseung Kwan O new towns and T— denotes mean of temperature 
records at Waglan Island and Cheung Chau. 
Equation (3.4) represents practically the best method to evaluate the UHI 
intensity (Morris and Simmonds, 2000, 2001). The temporal, i.e. inter-annual, 
intra-annual and seasonal patterns of UHI will also be investigated. Several 
histograms are constructed to depict the UHI intensity and frequency at different 
stations. Similar to the previous section, least-squares linear regression analysis is 
employed in the investigation of the correlation between the UHI intensity in 
urban or new town stations and time. The null hypothesis is that there is no 
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significant linear trend between the UHI intensity and the time ( / / � : trend = 0) 
at 5% significance level. In addition, Mann-Kendall rank statistics is also adopted 
to detect any possible and significant trend in temperature series of UHI intensity. 
3.5. Evaluation of relationship between UHI intensity and weather conditions 
The third part of this study attempts to evaluate the correlation between UHI 
intensity and weather conditions. UHI intensity is closely linked to local 
meteorological conditions and it can exhibit diurnal and seasonal cycles. It is 
expected that clear skies with light wind conditions may lead to the development 
of UHI with higher intensity. Effects of individual weather elements on maximum 
heat island intensity are determined using correlation analysis. Bivariate and 
multivariate regression analyses are conducted to reveal the form of the 
relationship between UHI intensity and meteorological variables. Daily records of 
maximum UHI intensity (ATw —厂(max)) and meteorological factors are used in 
these analyses. The chosen variables include solar radiation (RAD), visibility 
(VISI), cloud amount (CLD), relative humidity (RH) and wind speed (WS) 
recorded on a daily basis. 
Correlation analysis is employed to evaluate the numerical relationship 
between pairs of variables. Correlation coefficient r is used to examine the 
strength of the relationship between maximum heat island intensity and weather 
elements, which is given by: 
N X x m - g X O d Y O (3 5) 
- ( X X/)2 ] [ N X Y/2 - ( X Y/)2 ] ‘ . 
where N is the number of data points, Xi and Yi (z. = 1，...,i) are the i(卜 
values of the UHI intensity and weather variables. 
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Both linear and non-linear regression analyses are performed to assess the 
nature of the bivariate relationship between UHI intensity and each of the weather 
factors. This is because in many previous studies (e.g., Oke, 1973; Eliasson，1996; 
Stewart, 2000), non-linear relations are found between these two variables. 
Linear: ATw - r(max) = a -¥b*M (3.6) 
Logarithmic: ATw - r(max) = a-\-b log(M) (3.7) 
Power: ATu — r(max) = aM^ (3.8) 
Exponential: ATw -厂(max) = a 严 (3.9) 
where M is a meteorological variable, a is constant and b is regression 
coefficient of the least-squares regression line. In addition, multivariate regression 
analysis is adopted to assess the relationship between UHI intensity and a number 
of weather elements (e.g., Kim and Baik, 2002). The regression equation takes the 
following form: 
ATu -r(max) = a + +Z72M2 + (3.10) 
where M”..M众 represent the various meteorological factors and 
Z). (i = \,...,k) are the coefficients assigned to the meteorological variables. 
Positive and negative b values indicate positive and negative relationship with 
UHI intensity. The statistical significance of each estimated {b) coefficient and the 
regression equation are tested using the two tailed /-test for significance with 
(n - 2) degrees of freedom at 5% level in bivariate and multivariate regression 
analyses. The null hypothesis is that there is no significant relationship between 
the UHI intensity and the weather elements. 
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3.6. Evaluation of correlation between UHI intensity and city growth 
Finally, the effects of urban growth are assessed because UHI is a human 
induced phenomenon whereas the urban development factors are considered as 
important factors in the formation and patterns of UHI. Population is the most 
frequently chosen variable to represent the growth of city (e.g., Oke, 1973; Park, 
1986 and 1987). Equally, UHI intensity is not directly influenced by the 
population but by factors like land use distribution, number of buildings, 
anthropogenic heat release and so on. In this study, five elements i.e. total 
population, urbanized area, total energy consumption, total number of registered 
vehicles and average daily number of passenger journeys are selected to represent 
the urban growth and production of heat excess. Bivariate linear and non-linear 
regression analyses are utilized to study the relationship between maximum UHI 
intensity (ATw - r(max)) and urban development factors. In addition, correlation 
is used to measure the single influences of urban factors on the development of 




RESULTS AND DISCUSSION 
4.1. Temperature evolution in Hong Kong 
In the first part in this chapter, annual and seasonal average of daily 
maximum, mean and minimum temperature data, as well as annual average of 
daily diurnal temperature range recorded at the urban center and new town 
stations are analyzed by using linear regression and Mann-Kendall rank test. 
These methods have been commonly used for detecting climate change in 
numerous studies around the world (e.g., Goossens and Berger, 1986; Kukla et al., 
1986; Serra et al., 2001; Choi et al., 2003 and Englehart and Arthur, 2003). 
Graphical forms of the temperature time series and Mann-Kendall rank test are 
shown in Figure 4.1 to 4.8. Additionally, trends in annual average of daily mean 
temperature at the four rural stations are also examined to demonstrate the 
regional temperature changes and to estimate the effects of urbanization (Figure 
4.9 to 4.11). The trends are statistically significant at 5% level unless stated 
otherwise. In Mann-Kendall test, the area above 2 and below -2 (± 1.96 from 
normal distribution table) represents the 95% significance level. 
4.1.1. Urban center 
Hong Kong Observatory (HKO) is located in the oldest CBD area, which 
best represents the urban landscape and development of Hong Kong. Figure 4.1a 
to 4.1c show the annual average temperature series at HKO in the post-war years 
from 1951 to 2002. A remarkable warming trend is observed in both annual 
average of daily mean and minimum temperature (hereafter annual mean temp 
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and annual min temp) whereas a slightly decrease in annual average of daily 
maximum temperature (hereafter annual max temp) is detected. 
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Figure 4.1 Time series (left) and the Mann-Kendall test (right) of annual average 
of daily (a) maximum; (b) mean; (c) minimum and (d) diurnal temperature range 
at HKO for the period of 1951-2002. 
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There are considerable differences between the trends of annual max temp 
and min temp at HKO. From Figure 4.1a, there is a minor reduction in the annual 
max temp (0.002�C per year). Neither a warming nor a cooling is observed over 
the whole period and the annual max temp only shows short term fluctuation. In 
contrast, the annual min temp demonstrates a warming trend at a rate of 0.029�C 
per year (Figure 4.1c). It implies that the annual min temp raises a total of 1.51°C 
in the post-war year period. Previous studies by Koo and Chang (1989) and Leung 
et al. (2004) also found a rising trend in annual min temp with 0.24�C per decade 
or 0.024�C per year from 1947 to 1987 and 0.28�C per decade or 0.028�C per 
year between 1947 and 2002, respectively. For the annual min temp series, the 
trend becomes significant in 1964 while no distinctive trend is observed during 
1970s. The change point towards a more rapid warming period is located around 
1983. Thus warming trend in annual min temp at HKO shows a faster rate of 
increase (0.055°C per year) from 1983 to 2002. Hence Hong Kong is still 
experiencing this warm climate. 
Figure 4.1b displays the trend of annual mean temp at HKO from 1951 to 
2002. Steady and noticeable growth can be found with an increasing rate of 
0.016�C per year, which is similar to the findings of previous studies in Hong 
Kong by Ding et al. (2002) (0.17°C per decade from 1947 to 1999) and Leung et 
al (2004) (0.16�C per decade from 1947 to 2002). It implies that the annual mean 
temp raises 0.84°C during the study period. The annual mean temp exhibits a 
sudden change towards a warming period around 1987; it appears a little bit later 
than the annual min temp because of no detectable change between 1970 and 
1986. Thus the rate of rise in annual mean temp from 1987 to 2002 is obvious 
with a significant growth of 0.05 TC per year at HKO (Figure 4.1b). Due to the 
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minor decrease in annual max temp and substantial increase in annual min temp, a 
growth of annual mean temp is observed. Consequently, reduction in the annual 
average of daily diurnal temperature range (annual DTR) has resulted at HKO. 
Figure 4.Id shows that the annual DTR decreases at a rate of 0.032°C per year. 
The decreasing trend in annual DTR occurs in the early 1970s and then continues 
up to the present. 
The annual average temperature series for each season are shown in Figure 
4.2a to 4.2d. Although there is considerable inter-annual variability, linear 
regression lines are fitted for all seasons in order to examine the overall trends. It 
is apparent that, for seasonal average of daily mean and minimum temperature 
(henceforth seasonal mean temp and seasonal min temp), warming trend is 
ascertained for each season. The rate of increase in seasonal mean temp is the 
greatest in winter (0.024°C per year) and smallest in autumn (0.010�C per year). 
For the seasonal min temp, the highest rising rate is also recorded in winter 
(0.040�C per year) whereas the lowest is found in summer (0.022�C per year). 
Seasonal average of daily maximum temperature (hereafter seasonal max temp), 
on the other hand, displays a quite different pattern, with a minor decline in most 
of the seasons except spring. However, all the observed changes in mean daily 
maximum temperature for all seasons are statistically insignificant and small 
when compared with the seasonal mean and min temp at HKO. The results are 
consistent with the study of Leung et al. (2004). 
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Figure 4.2 Seasonal average of daily maximum, mean and minimum temperatures 
(a) spring; (b) summer; (c) autumn and (d) winter at HKO for the period of 
1951-2002. 
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4.1.2. New town 
Temperature trends at new town stations can demonstrate the effects of 
urbanization on climate because all stations were formerly rural area with minimal 
development. Increase in the annual temperature series at all stations are identified 
except the annual min temp at Tseung Kwan O (TKO). At Shatin (ST) AWS, 
temperature data of 17 years are the longest among these new town stations. All 
the annual temperature series demonstrate a growing rate of about 0.030�C per 
year since 1986, though not statistically significant at 5% level (Figure 4.3). 
Increase in both annual max temp and annual min temp result in a continuous 
growth of annual DTR (0.0005�C per year) (Figure 4.3d). As expected, there is no 
any change towards warming or cooling in the annual temperature series from the 
graphical forms of Mann-Kendall test at ST. 
Figure 4.4 shows that the seasonal max, mean and min temp rise for all 
seasons except summer at ST. Linear changes of the seasonal max temp, mean 
temp and min temp are the greatest in spring, showing a notable warming of 
0.093�C, 0.080�C and 0.066�C per year, respectively. During summer months, 
reduce in the seasonal temperature series is demonstrated, which ranges from 
0.014°C to 0.032°C per year but none of the trends is statistically significant at 5% 
level. 
57 
28 4 丨 
Max Temp ST ST j 
Linear ^ 
7 - y = 0.0299x +25.758 / t ^ ^ 
2 5 — I — I — I — I — I — I — I I I I I I I I I I I - 4 — I — I — I — I — I — I — I — I — I — I — I — I — I — I — I — I — i 
(a) 1986 1989 1992 1995 1998 2001 1986 1989 1992 1995 1998 2001 
25 - ^ ， 4 — 
Mean Temp ST 丨 ST 
24 Linear | 
H 22 - V X y = 0.0274X + 22.58 | ^ .2 
�2 = 0.1224 I u(t) 
Q i I I I I I I I I 1 I I I I ] I I { jt U \ t y 
乙 I • ‘ ‘ ‘ ‘―‘ ’ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ -4 I I I I I 、I' I I I I I t i l l I r 
(b) 1986 1989 1992 1995 1998 2001 1986 1989 1992 1995 1998 2001 
22 … 4 — , 
Min Temp ST | ST 
Linear | 2 
\ y y = 0.0293X + 19.943 = � 
r2 = 0.1282 m r u'(t) 
19 I I I • ' • I ' • ' ' ' ' I I I I i -4 I I I I I I I I I I I t I I I t I  
(C) 1986 1989 1992 1995 1998 2001 1986 1989 1992 1995 1998 2001 
7 4 
DTK ST ST 
Linear 一 2 
卜 y =0.00n5x +5.8151 -2 口⑴ 
r2 二 0.0003 u'(t) I 
5 I 1 I I I I 1 ' ' I I I I I I I I i -4 I—‘—I—I—I—I—I—I—I—I—I—I—I—I—I—I—I—1 
(d) 1986 1989 1992 1995 1998 2001 1986 1989 1992 1995 1998 2001 
Figure 4.3 Time series (left) and the Mann-Kendall test (right) of annual average 
of daily (a) maximum; (b) mean; (c) minimum and (d) diurnal temperature range 
at ST for the period of 1986-2002. 
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Figure 4.4 Seasonal average of daily maximum, mean and minimum temperatures 
(a) spring; (b) summer; (c) autumn and (d) winter at ST for the period of 
1986-2002. 
Notable warming trends are detected at Tuen Mun (TM) AWS and the rates 
of growth in annual max, mean and min temp are 0.075�C, 0.062�C and 0.055�C 
per year, respectively (Figure 4.5). Rising trends in annual mean and annual min 
temp series mainly start in 1998 while it appears a little bit earlier in 1995 for 
annual max temp. In addition, all the trends become significant in recent years. 
Because increase in the series of annual max temp start earlier than annual min 
temp，therefore the annual DTR exhibits a noticeable growth of 0.020�C per year. 
The change of annual DTR is located around 1990 but this increasing trend has 
disappeared in recent years. 
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Figure 4.5 Time series (left) and the Mann-Kendall test (right) of annual average 
of daily (a) maximum; (b) mean; (c) minimum and (d) diurnal temperature range 
at TM for the period of 1988-2002. 
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At TM, both seasonal max and mean temp show the greatest rate of increase 
in spring (0.143�C and 0.125�C per year) and the smallest in summer (0.022�C 
and 0.01 r c per year). On the other hand, a reduction in the seasonal min temp at 
a rate of 0.003°C per year is recorded in summer. But in the other seasons, 
significant growth is found whereas in spring, daily average of minimum 
temperature increases at the fastest rate of 0.110°C per year (Figure 4.6). Rising 
trend in the temperature series is only significant in spring and for maximum 
temperature series in winter. 
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Figure 4.6 Seasonal average of daily maximum, mean and minimum temperatures 
(a) spring; (b) summer; (c) autumn and (d) winter at TM for the period of 
1988-2002. 
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Tseung Kwan O (TKO) is substantially different from Shatin and Tuen Mun. 
With the shortest record history (1992-2002) among the three stations, TKO 
demonstrates the most rapid increasing trend of 0.146°C per year in the annual 
max temp series. The change towards a warming is observed in 2000 and it 
becomes significant at the end of the investigation period (Figure 4.7). The annual 
mean temp also has risen, on average of 0.042�C per year while a minor decrease 
in the annual min temp (0.012°C per year) is observed during the past 12 years, 
but are not statistically significant at 5% level. From the graphical forms of 
Mann-Kendall test, only short term fluctuation is presented in both annual mean 
and annual min temp. Increase in the annual max temp and relatively little change 
in annual min temp resulted in an increase of annual DTR at a rate of 0.158°C per 
year although the change point did not appear until only a few years ago. 
With a significant warming trend in annual max temp at TKO, increasing 
trend is also observed at all seasons and the greatest rate of increase is recorded in 
spring (0.250�C per year). Consistent to the changes in annual min temp, seasonal 
min temp also decreases throughout the year except in spring with a rate of 
increase of 0.107�C per year. Similarly, the rate of rise of the seasonal mean temp 
is the largest in spring (0.161°0 per year) but a minor reduction at a rate of 
0.058�C per year is revealed in summer (Figure 4.8). Only the warming trend in 
maximum temperature is statistically significant in spring, autumn and winter. 
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Figure 4.7 Time series (left) and the Mann-Kendall test (right) of annual average 
of daily (a) maximum; (b) mean; (c) minimum and (d) diurnal temperature range 
at TKO for the period of 1992-2002. 
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Figure 4.8 Seasonal average of daily maximum, mean and minimum temperatures 
(a) spring; (b) summer; (c) autumn and (d) winter at TKO for the period of 
1988-2002. 
4.1.3. Rural areas 
Annual mean temp changes observed at the four rural sites are shown in 
Figure 4.9a to 4.9d. At the two island stations, Waglan Island (WGL) and Cheung 
Chau (CCH), annual mean temp increases at a rate of 0 . 0 0 5 a n d 0.004°C per 
year since 1968 and 1971，respectively (Figure 4.9a and 4.9b). The other two 
stations, Lau Fau Shan (LFS) and Ta Kwu Ling (TKL) with shorter temperature 
records of only 14 years, also demonstrate a substantial growth of 0.020�C and 
0.016�C per year in the annual mean temp series (Figure 4.9c and 4.9d). However, 
none of the trends at the four rural stations is statistically significant at 5% level. 
As expected, there is no pronounced change towards either warming or cooling in 
the rural areas, only short term fluctuation is resulted. The observed temperature 
changes at four rural stations are generally consistent with the growth of 0.44�C 
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(equivalent to 0.009�C per year) in the annual mean temp series for the southern 
China from 1951 to 2000 (Qin et al., 2003). 
It is apparent that all rural stations have a significant reduction in seasonal 
mean temp in summer with the greatest rate of decline by 0.048�C per year at LFS 
and the smallest at a rate of 0.013°C per year at WGL. Decrease in mean temp is 
also detected in autumn at rural stations except CCH but none of the trends in 
autumn is significant at 5% level and the rate is smaller than in summer (Figure 
4.10a to 4.10d). Consistent with the urban stations, rural areas exhibit a notable 
warming in spring and winter but there is a considerable difference among these 
four rural stations. At WGL and CCH, the increasing rate of mean temperature in 
winter (0.022�C and 0.035�C per year) is greater than in spring (0.014�C and 
0.003�C per year). At LFS and TKL, however, the rate of rise in mean temp is 
larger in spring (0.099�C and 0.085�C per year) than in winter (0.039�C and 
0.020�C per year). 
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Figure 4.9 Annual average of daily mean temperature trend and the sequential 
version of the Mann-Kendall test at four rural stations (a) WGL; (b) CCH; (c) LFS 
and (d) TKL. 
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Figure 4.10 Seasonal average of daily mean temperature at four rural stations (a) 
WGL; (b) CCH; (c) LFS; and (d) TKL. 
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4.1.4. Discussion of the temperature changes in Hong Kong 
In summary, warming trends are detected in the annual average of daily mean 
temperature series at all meteorological stations, which range from 0.004°C to 
0.062�C per year. The global mean surface air temperature has risen about 0.6�C 
during the century (equivalent to 0.006�C per year) and since 1976，a greater 
wanning rate of 0.17�C per decade (equivalent to 0.017�C per year) has been 
observed (IPCC, 2001). It seems that the differences in temperature series among 
different meteorological stations can attribute to regional warming in South China 
and localized urban heat island effect. 
Temperature changes at HKO are similar to other urban studies reported in 
the literature. Both the annual min temp and mean temp show a notable warming 
trend, while the annual max temp tends to decrease over time as well as a 
reduction in the annual DTR. IPCC (2001) stated that increase in land surface 
mean air temperature can be suspected to be the urban heat island effect when a 
reduction in diurnal temperature range and a slower rate of warming in lower 
troposphere are observed in the study region. From 1951 to 2002, annual min 
temp has increased one time faster than annual max temp, resulting a decrease in 
the annual DTR by about 0.032°C per year at HKO. The observed trend at HKO 
is consistent with the decreased annual DTR in southern China due to a cooling in 
maximum temperature with a slight warming in minimum temperature (Zhai and 
Ren, 1999). Leung et al. (2004) found that the annual mean temperature in the 
lower troposphere over Hong Kong has increased at a rate of 0.16°C per decade 
from 1969 to 2000; the result is close to the finding of the IPCC (2001). Thus the 
temperature trends at HKO are related to the growth of urban heat island which 
causes higher temperature in urban center than its rural surroundings, especially in 
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nighttime when compared with daytime temperatures (IPCC, 2001). Although the 
formation of UHI is a very complex process, major factors include changes in the 
urban geometry, radiation and thermal properties as well as the atmospheric 
composition in the urban area (e.g., Mitchell, 1961b; Oke, 1981; Swaid，1993; 
Jonsson, 2000). 
Increase in the annual mean temp series is found at the new town stations 
while the annual max temp shows a greater rising rate than the annual min temp. 
Also, there is a substantial growth in the annual DTR series in the new towns. 
Gallo et al. (1996) examined the effect of predominant land use in the vicinity of 
the observing site on DTR. In general, stations associated with rural settings have 
a greater DTR than urban settings. Consequently, the annual DTR of new town 
stations is larger than the urban center because more rural land covers (green 
space and vegetation) enhance the radiational cooling at night. On the whole, the 
temperature changes at new town stations are originated by the suburbanization 
process. Although ST AWS has the longest history, the temperature trends are not 
statistically significant and relatively small when compared with TM. This is 
probably because the ST weather station is located inside the race course which is 
surrounded by green area; hence the temperature records may be possibly 
moderated. 
Since 1968 and 1971, the annual mean temps of WGL and CCH AWS have 
slightly increased; indicating that in the recent three decades there has been little 
change on the local climate. At LFS and TKL, the annual mean temps increase 
about 0.016°C and 0.020�C per year, respectively from 1989 to 2002. Leung et al. 
(2004) argued that maritime influence has caused the minimal changes of 
69 
temperature at WGL and CCH, even though a warming trend has been recorded 
globally. Moreover, IPCC (2001) found that sea surface temperature have 
increased at a slower rate than the land surface temperature since 1976. On the 
other hand, during the period from 1989 to 2002, there is a growth in annual mean 
temps at WGL and CCH by about 0 .04 rc and 0.017°C per year (Figure 4.11a 
and 4.11b). Due to the equipment or transmission failure, temperature records at 
WGL contain missing or incomplete data for several extended periods of time. 
Therefore they are correlated to temperature records at CCH in order to fill out the 
missing or incomplete values. Hence this may modify the trend at WGL and 
demonstrates a higher value than at CCH. In general, the annual mean temp 
changes at rural stations are slightly smaller than the global rate of 0.2 TC per 
decade (equivalent to 0.02 TC per year) for the same period. Thus WGL and 
CCH can be used to represent the regions which are less affected by urbanization 
in UHI analysis. 
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Figure 4.11 Time series of annual average of daily mean temperature at (a) WGL 
and (b) CCH during the period of 1989 — 2002. 
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Owing to the small territorial area, air temperature does not demonstrate 
distinctive latitudinal variation in Hong Kong, but it fluctuates remarkably 
throughout the year. A close inspection of the results on seasonal pattern of 
temperatures indicates that almost all cooling trends are noticed in summer and 
sometimes in autumn while nearly all stations have a strong wanning rate in 
winter and spring. In Guangdong Province, both mean and minimum temperatures 
of 36 meteorological stations demonstrate a substantial warming trend in winter 
months from 1960 to 1996 (Liang and Wu, 2000). Since 1976，the greatest 
warming over land has occurred during winter and spring in the Northern 
Hemisphere (IPCC, 2001). Annual DTR shows the strongest changes in the boreal 
winter (-0.13�C per decade) and the least changes (-0.065�C per decade) during 
boreal summer for rural stations, suggesting a seasonal variation in the DTR 
changes thus the series in maximum and minimum temperature (Easterling et al； 
1997). 
Nevertheless, annual and seasonal variations of temperature trend may result 
from both natural and anthropogenic process. Table 4.1 shows the seasonal 
changes of maximum and minimum temperatures at four rural stations. It is clear 
that maximum and minimum temperatures demonstrate a significant warming in 
winter and spring whereas a slight cooling is typically found in summer and 
autumn. Liang and Wu (2000) found that there is a decreasing density of the 
annual number of cold air surge attacks in Guangdong: from 3.6 events in the 
1960s to 2.2 in the 1970s and 1.6 in the 1980s. Reduction in the cold surge attacks 
has caused sustained warming of winter temperature. Additionally, the number of 
cold days (daily minimum temperature ^ 12°C) recorded at HKO decreased at a 
rate of 3 days per decade, dropping from 28 days per year in the 1950s to about 13 
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days in the recent ten years (1993-2002) (Leung et al., 2004). Thus diminishing 
number of the cold surge may be an important factor in governing the rate of 
warming in winter. The results are coherent with the findings in Northern 
Hemisphere even though some of the increasing or decreasing trends for several 
seasons are not significant at 95% confidence level. 
Table 4.1 Changes in seasonal average of maximum and minimum temperatures at 
four rural stations 
Maximum Temperature (°C per year) Minimum Temperature (°C per year) 
Season WGL CCH LFS TKL WGL CCH LFS TKL 
Winter 0.042* 0.051* 0.036 0.049 0.051* 0.035* 0.036 0.001 
Spring 0.049* 0.001 0.091 0.129* 0.027 0.009 0.089 0.054 
Summer 0.021 -0.032* -0.079 -0.013 -0.002 -0.018* -0.026 -0.017 
Autumn 0.034* 0.020 -0.047 -0.026 0.017 0.010 -0.015 0.006 
* Significant at 5% level. 
Under natural condition, there is an equilibrium between incoming solar 
radiation and the outgoing radiation emittance from Earth's surface. Figure 4.12 
displays the change of global solar radiation and duration of bright sunshine in 
Hong Kong. A remarkable decreasing trend is observed in both solar radiation and 
bright sunshine at a rate of 0.084 MJ/m^ and 0.025 hours per year during the 
period of 1968 to 2002 and 1961 to 2002, correspondingly. This is similar to the 
findings of Stanhill and Kalma (1995) and Leung et al. (2004). As a result of rapid 
increase in population, energy consumption and transportation, the amount of 
tropospheric aerosol and level of air pollution has been further enhanced in Hong 
Kong. Since more suspended particles exist in the atmosphere, which serve as the 
condensation nuclei in the air and may favour the formation of cloud even 
precipitation in Hong Kong. Dai et al. (1997) observed that the amount of cloud 
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cover has increased in Europe, USA, Canada, Australia, the former Soviet Union, 
and eastern China over the century and there is a distinct negative correlation 
between cloud cover and DTR. Additionally, a notable rising trend is recorded in 
annual average of daily cloud amount at a rate of 0.18% per year from 1961 to 
2002 (see Figure 4.13). When the cloud cover increases, it may reduce the 
incoming solar radiation at daytime while diminish the outgoing terrestrial 
radiation at night thus lower the diurnal temperature difference. 
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Figure 4.12 Time series of annual average of (a) global solar radiation (b) duration 
of bright sunshine at King's Park from 1968 to 2002 and 1961 to 2002. 
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Figure 4.13 Time series of annual average of daily cloud amount recorded at HKO 
during the period of 1961 to 2002. 
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On a seasonal basis, both the quantity of solar radiation and sunshine 
duration have been declined for all seasons and the rate of decrease is the greatest 
in summer and relatively small in winter (Table 4.2). On the other hand, the 
amount of cloud cover has been increased, especially in summer (0.22% per year) 
and in spring (0.25% per year). It is well known that urbanization would enhance 
the concentration of condensation nuclei in air, which is one of the fundamental 
causes for intensification of cloud amount. Either increase in the amount of 
suspended particles or cloud cover would diminish the total incoming global solar 
radiation in Hong Kong. In conclusion, urbanization has significantly altered the 
local climate and made it substantially wanner than the surrounding countryside. 
Table 4.2 Changes in seasonal average of solar radiation, sunshine duration and 
cloud amount in Hong Kong 
Season Solar Radiation Sunshine Duration Cloud Amount 
Winter -0.067* -0.022 0.152 
Spring -0.062* -0.027* 0.251* 
Summer -0.123* -0.031* 0.221* 
Autumn -0.085* -0.018* 0.100 
* Significant at 5% level. 
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4.2. Urban heat island in Hong Kong 
Substantial increase in the observed mean temperature series, with a greater 
growing rate in minimum temperature than maximum temperature in urban area 
can contribute to the growth of urban heat island (UHI). This is because UHI 
raises nighttime temperature more than daytime temperature (IPCC, 2001). 
Differences in daily maximum and minimum temperatures between urban (urban 
center and new town) and mean of rural stations for all meteorological conditions 
are analyzed to represent the heat island intensity (UHI^, UHI"). Maximum and 
minimum temperatures used to indicate the daytime and nighttime conditions due 
to the variability of occurrence time of UHI. On a few occasions when data are 
missing, values are excluded in the analysis. Annual and seasonal UHI intensity 
are derived from the daily values. Linear regression and Mann-Kendall rank test 
are employed to examine the change of UHI intensity over time. Graphical forms 
of the intensity, frequency distribution and trend of UHI are shown in Figure 4.14 
to 4.25 correspondingly. 
4.2.1. Basic characteristics of UHI 
In order to examine the exact magnitude of UHI intensity, both mean positive 
and negative value of daytime and nocturnal heat island intensity are analyzed 
separately. Table 4.3 summarizes the intensity and frequency of daily heat island 
effects at urban center and new town stations during daytime and nighttime. On 
the average, daily maximum temperature at urban center and new town stations is 
smaller than the rural background and therefore UHI^ for all stations is negative. 
The greatest daytime temperature difference is observed at TKO (1.39°C) and the 
smallest at HKO (0.18°C). However, at night, urban stations are usually warmer 
than its rural surrounding thus UHI^ for all stations except ST has a positive 
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value. Therefore the highest minimum temperature difference is recorded at HKO 
(0.79�C) while the lowest at TKO (0.20�C). 
Table 4.3 Mean, extreme values and percentage of the daily heat island intensity 
(°C) at urban stations during daytime and nighttime 
Daytime UHI Nighttime UHI 
Station HKO ST TM TKO HKO ST TM TKO 
Mean -0.18 -0.20 -0.44 -1.39 0.79 -0.22 0.23 0.20 
Mean ofpos. 0.84 1.04 1.11 0.76 0.99 0.72 0.98 0.72 
Mean of neg. -1.14 -1.20 -1.46 -2.05 -0.44 -1.09 -0.96 -0.64 
Pos. percent % 48.30 44.60 39.90 23.60 86.10 47.80 61.20 61.90 
Maximum 5.30 5.45 5.10 2.80 6.50 4.40 5.00 3.50 
Minimum -6.60 -6.60 -6.40 -7.50 -3.20 -6.40 -4.05 -3.80 
No. of years 32 17 15 11 32 17 15 11 
It is apparent that HKO demonstrates a greater mean daily positive UHI 
intensity in nighttime (0.99�C) than in daytime (0.84�C). But at the three new 
town stations, daytime UHI intensity shows a higher magnitude than the nocturnal 
one. The highest mean positive value of UHI^ and UHI^ is recorded at TM 
( l . i r C ) and HKO (0.99�C) respectively. Although urban station is sometimes 
cooler than the rural areas, the extreme difference is mainly observed in new 
towns at daytime and the maximum variation is recorded at TKO (7.5°C). For 
frequency distribution, the percentage of positive nocturnal UHI is over 60% 
except at ST (47.8%) and it is the highest at HKO (86.1%) for the 32-year study 
period. In contrast, the formation of daytime UHI has less than 50% chances at all 
stations and only 23.6% of UHI values are positive at TKO. In Hong Kong, the 
greatest UHI” is recorded at HKO, 6.50°C warmer than the rural surrounding 
while ST shows the maximum difference (5.45°C) between rural area during 
daytime. 
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Annual average of daily daytime UHI intensity {UHI^) and nighttime UHI 
intensity (UHI" ) for each station are analyzed. Results of the annual average of 
daytime and nighttime heat island intensity with the frequency distribution for 
urban stations are shown in Figure 4.14 to 4.17. At HKO, the value of UHI” is 
less than 1�C at the beginning of the investigation period while the intensity tends 
to increase since the early 1980s. The highest (1.41�C) and lowest (0.70°C) 
intensity is recorded in 1998 and 1979, respectively. The percentage of occurrence 
of nighttime UHI is about 80% before 1983 and later it demonstrates a rising 
tendency with the maximum frequency (98.9%) observed in 2000. There are 
notable differences between UHI” and UHI^ . The intensity of UHI^ is around 
r c with the greatest (1.08°C) and weakest (0.58°C) value is recorded in 1995 
and 1993, correspondingly. Percentage of the frequency of UHI^ has reduced 
from the peak value of 74.3% in 1973 to the lowest value of 19.0% in 1997. 
Negative heat island intensity i.e. urban area is cooler than rural surroundings is 
recorded in both daytime and nighttime. It is apparent that maximum temperature 
difference is relatively small (0.54�C) in 1971 but it shows a growing trend since 
1980s and the greatest difference is found in 1992 (1.8°C). Moreover, negative 
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Figure 4.15 Annual average of daily (a) daytime and (b) nighttime UHI intensity 
and the frequency distribution at ST from 1986 to 2002. 
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Figure 4.16 Annual average of daily (a) daytime and (b) nighttime UHI intensity 
and the frequency distribution at TM from 1988 to 2002. 
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Figure 4.17 Annual average of daily (a) daytime and (b) nighttime UHI intensity 
and the frequency distribution at TKO from 1992 to 2002. 
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Figure 4.15 presents that both the intensity of UHI^ and UHI" at ST is 
above 0.5°C. It is obvious that the intensity of daytime UHI is greater than the 
nighttime whereas over half of the times, the value of UHI^ is near and over 1�C. 
The greatest value of daytime UHI and nighttime UHI is recorded in 1998 (1.26°C) 
and 1990 (0.87�C), respectively. Magnitude of negative nocturnal UHI is more 
evenly distributed throughout the year. However, there is a growth of the 
frequency of negative daytime UHI between 1991 and 1998. Similar pattern can 
be observed in the frequency distribution of positive daytime and nighttime UHI. 
The percentage of the formation of UHI^ and UHI" is about 50% in the 
majority of the years. During the 1990s, the percentage of UHI occurrence is 
decreased and the lowest percentage of daytime UHI (13.3%) and nocturnal UHI 
(16.1%) is recorded in the same year of 1993. 
At TM, the intensity of UHI^ is around 1�C and the percentage of 
occurrence is about 40% at the beginning of the investigation period. Although a 
reduction in the intensity and frequency of UHI^ is noticed in the early 1990s, 
both of them tend to increase in recent years with the highest intensity and 
percentage of occurrence being observed in 1998 (1.38°C) and in 2000 (66.2%), 
correspondingly. On the other hand, UHI” shows a higher frequency of 
occurrence with nearly 60% over time except the lowest percentage (33.6%) is 
found in 1997. The intensity of UHI” is generally above 0.5°C and its greatest 
value of 1.32�C is recorded in 1998 (Figure 4.16). Meanwhile the negative value 
of nocturnal UHI is smaller than daytime UHI and with a more even distribution 
over time. During the early 1990s, there is a substantial growth in the maximum 
temperature difference therefore less UHI event is detected in daytime. 
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Among the new town stations, the development of daytime UHI is relatively 
less at TKO, with the highest percentage of occurrence (55.7%) observed in 2001 
and the lowest in 1997 (2.0%). The smallest daytime UHI is recorded in 1997 
(0.20�C) and later it has become greater in recent years. For nighttime UHI, it 
demonstrates a higher frequency and generally over 60% during the 12-year study 
period and the greatest frequency of occurrence is recorded in 1994 (87.1%). Both 
the mean intensity of UHI^ and UHI” is less than 1°C throughout the study 
period. Moreover, the greatest value of daytime UHI and nighttime UHI is 0.90�C 
in 2001 and 0.97�C in 1998 respectively. Although the value of negative daytime 
UHI is relatively high at the beginning, the temperature difference tends to 
decrease from 2.66�C to 0.97�C from 1992 to 2002. In addition, there is a minor 
increase in the negative value of nocturnal UHI in recent years (Figure 4.17). 
4.2.2. Annual patterns of UHI 
Examination of long term trends of temperature differences between urban 
and rural stations can reflect the change of UHI over time. Trends of UHI 
intensity are statistically significant at 95% level unless stated otherwise. Figure 
4.18 to 4.21 display the changes of daytime UHI and nighttime UHI at each urban 
station. It is apparent that there is a notable variation between the trend of daytime 
and nighttime UHI at HKO (Figure 4.18). At the beginning of the study period, 
both the maximum and minimum temperatures at HKO are significantly different 
from the rural background with UHI, of 0.40 ±0.59°C and UHI^ of 0.039 土 
0.25°C, respectively. Linear trend of nighttime UHI over the 32-year period at 
HKO exhibits an increasing trend at a rate of 0.025°C per year and the observed 
trend is approximately since the year of 1987. Daytime UHI, on the other hand, 
displays a different pattern with a marked decrease of 0.037�C per year and the 
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decreasing trend becomes apparent around 1993. It is also obvious that the long 
term trends in these two values of heat island intensity diverge over time. 
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Figure 4.18 Times series (left) and the Mann-Kendall test (right) of the annual 
(a) daytime and (b) nighttime UHI intensity at HKO from 1971 to 2002. 
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Figure 4.19 Times series (left) and the Mann-Kendall test (right) of the annual 
(a) daytime and (b) nighttime UHI intensity at ST from 1986 to 2002. 
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Figure 4.20 Times series (left) and the Mann-Kendall test (right) of the annual 
(a) daytime and (b) nighttime UHI intensity at TM from 1988 to 2002. 
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Figure 4.21 Times series (left) and the Mann-Kendall test (right) of the annual 
(a) daytime and (b) nighttime UHI intensity at TKO from 1992 to 2002. 
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In contrast, new town stations demonstrate a quite different UHI pattern in 
comparison with the urban center (HKO). Figure 4.19a to 4.21a present the 
maximum temperature differences between new town and rural stations over 
various investigation periods. From the analyses, new town stations are generally 
cooler than its background rural in daytime therefore negative value of UHI^ is 
recorded at ST (-0.27 ±1.25�C), TM (-0.97 土 1.19t：) and TKO (-2.61 土 1.51。(；）， 
respectively. Moreover, the daytime UHI intensity shows a considerable rising 
trend of 0.066�C per year at TM and 0.192�C per year at TKO. Mann-Kendall 
test indicates that an increasing trend of UHI^ at TM and TKO has occurred 
since around 1998 and 1999, correspondingly. On the other hand, there has been 
very little change in daytime UHI at ST (0.005 °C per year) and it is not 
significant at 5% level. Although daytime heat island is less developed in new 
town, there is a reduction of the maximum temperature difference between new 
town and rural stations in recent years. 
Among the new town stations, both TM and TKO are significantly warmer 
than rural area at night thus the intensity of nocturnal UHI is 0.19 ±0.74°C and 
0.56 土 1.10�C，respectively. However, ST station is generally cooler than its rural 
surrounding with an amount of 0.13 ±0.75�C at the beginning of the investigation 
period. In addition, a minor decrease in nighttime UHI is recorded in ST and TKO, 
at a rate of 0.010°C per year and 0.059�C per year, correspondingly. Meanwhile, 
TM station shows a slight increase of 0.002°C per year but none of them is 
statistically significant. New town stations do not display any pronounced change 
towards neither warming nor a cooling over the entire study period, only short 
term fluctuation is shown in the series (Figure 4.19b to 4.21b). On the whole, heat 
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island is better developed in urban center than in new town and demonstrates a 
higher mean intensity at night. 
4.2.3. Seasonal patterns of UHI 
Due to the differences in the history of development, town planning practice 
and land use distribution between urban center and new towns, significant UHI is 
often formed only in the urban center. Intensity of UHI not only varies throughout 
the day and year, but also from season to season. Thus the monthly mean of daily 
maximum and minimum temperature differences between HKO and rural stations 
are evaluated to examine the seasonal patterns of heat island in Hong Kong. 
Figure 4.22 and 4.23 separately show the intensity and frequency of daily 
average of daytime and nighttime heat island intensity, UHI^ and UHI" for 
each season at HKO. It is obvious that, for daily minimum temperature, the 
greatest difference exists in winter and the smallest in autumn with a mean value 
of 0.90°C and 0.721：, respectively. The highest (1.77�C) and lowest (0.04�C) 
intensity of nighttime UHI are also detected during autumn months in 1998. 
Similar to the intensity, mean frequency of UHI” demonstrates the maximum 
percentage in winter (90.6%) and the minimum in autumn (84.2%). Additionally, 
nocturnal UHI is more evenly distributed in winter while there is a high variation 
of nighttime UHI in autumn. On a seasonal basis, nighttime UHI occurs everyday 
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HKO from 1971 to 2002. 
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Figure 4.23 (continued) 
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In contrast, the mean value of daytime UHI is relatively smaller than the 
nocturnal one, with the greatest value (0.13�C) is recorded in summer. Both 
autumn and winter exhibit a negative mean value of daytime UHI and it is mainly 
observed in the recent two decades. The maximum value of UHI^ is found in 
spring (1.10�C) and the minimum is located in autumn (-2.07 °C). For the 
frequency distribution, only half of the period daytime UHI is developed in each 
season and the greatest mean percentage (56.7%) is observed in summer. Both 
daytime and nighttime UHI are less often detected in autumn. In addition, there is 
a decreasing tendency in the percentage of daytime UHI within one year since the 
1980s while increase in the frequency of daytime UHI is detected in summer 
during the 1990s. 
Seasonal changes in both UHI^ and UHI” over the same period are 
shown in figure 4.24 and 4.25. Although there is a considerable difference 
between years, linear regression lines are fitted in order to study the overall trends. 
Significant temperature difference is detected at night for all seasons while the 
greatest UHI intensity exists in winter and the smallest in summer with mean 
differences of 0.61 ±0.28°C and 0.20 土 0 . 4 3 ° C , respectively. A notable rising 
trend in the nocturnal UHI is observed over the years, at a rate of 0.018°C per 
year in winter to 0.036°C per year in summer. The analysis of the seasonal 
behaviour shows that in spring, summer and autumn, the observed increasing 
trend is approximately since the year of 1990. But in winter, rising trend appears a 
little bit earlier in 1980. At the beginning of the investigation period, maximum 
temperature at HKO is significantly different from its rural surrounding with the 
greatest difference observed in spring (0.71 土 0 . 6 6 � C ) . However, there is no UHI 
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values recorded in summer (0.00 ±0.7rc) . Daytime UHI, on the other hand, 
displays a cooling trend, with a notable decrease in UHI^ of 0.040�C per year in 
spring to 0.067�C per year in winter. Moreover, a minor increase in the intensity 
is found in summer (0.008�C per year) but it is not significant at 5% level. 
Mann-Kendall test examines that the observed cooling trend in spring becomes 
apparent around 1987 while in autumn and winter, the decreasing trend has 
occurred since 1992. Consistent with the annual series, daytime and nighttime 
heat island intensity diverge over time. It is obvious that the intensity of nocturnal 
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Figure 4.24 Times series (left) and the Mann-Kendall test (right) of the seasonal 
average of daytime UHI intensity in (a) spring; (b) summer; (c) autumn, and 
(d) winter at HKO for 1971-2002. 
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Figure 4.25 Times series (left) and the Mann-Kendall test (right) of the seasonal 
average of nighttime UHI intensity in (a) spring; (b) summer; (c) autumn, and 
(d) winter at HKO for 1971-2002. 
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4.2.4. Discussion of the UHI phenomenon 
Urbanization has substantial influences on long term instrumental 
temperature records of weather stations while these influences may be 
conspicuous but small on the regional climate (IPCC，2001). There have been 
numerous studies on urban heat island effect with different climate system, 
physical setting, city and population size etc. Lengths of temperature time series 
for UHI research differ from a few days to several decades. Temperature 
differences between urban and rural areas are used to characterize the intensity of 
heat island. It usually varies from a few to over ten degree Celsius but sometimes 
may be negative. In Hong Kong, Leung and Ng (1997) found that the daily 
minimum temperature differences between urban and rural stations reach 8°C on 
clear and clam nights in winter. In the present study, UHI intensity ranges from 
-7.5�C to 6 .5�C, which is smaller than previous result probably because a 
different rural control station was selected in the past study. In general, daytime 
UHI exhibits a mean negative value and is less developed at all stations (<50%). 
Nocturnal UHI, on the other hand, has a greater magnitude and frequency of 
occurrence (>60%) except for ST station. Meanwhile, the maximum UHI intensity 
(6.5�C) and frequency (86.1%) are observed in the urban center at night. Results 
are consistent with most previous studies carried out in cities such as London, 
Tokyo, Seoul and Shanghai (e.g., Chandler, 1965; Park, 1987; Chow et al., 1994; 
Kim and Baik, 2002). 
In the urban center (HKO), mean positive nocturnal UHI intensity is greater 
than daytime UHI. During nighttime, urban environment is typically warmer than 
rural areas. This is because urban fabric, concrete surfaces and cluster of buildings 
have the greater heating capacity, which can retain the heat at daytime and release 
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it in the form of longwave radiation at night. The high rise buildings also diminish 
the rate of radiation cooling. Rural areas, on the other hand, cool rapidly and 
latent heat is released once condensation takes place. Therefore heat island tends 
to exhibit stronger intensity at night. After sunrise, solar energy tends to evaporate 
the dew or mist in rural areas and starts to warm up the urban landscape gradually. 
Later, rural surfaces tend to heat up quickly as no further evaporation takes place. 
Thus the urban and rural temperatures become closer as time progresses and the 
temperature differences tend to decrease. 
In contrast, intensity of mean positive daytime UHI is generally higher than 
the nocturnal one at the three new town stations. This is because there are 
enormous differences between the land use, building density and thermal 
properties in urban center and new town. As the function of new town is to 
provide better living environment to residents, more green space and different 
functional zones have been created. Urban area, on the other hand, serving as the 
commercial center, is covered by cement, asphalt and glass with the greatest 
building density. The combination of these materials would greatly affect the 
generation, absorption and retention of heat in the urban canopy layer. Therefore, 
changes of maximum temperature, minimum temperature and DTR show 
considerable differences between the urban center and new towns. The growing 
trend in maximum temperature is larger than minimum temperature thus a positive 
DTR is resulted in new towns (see section 4.1). Consequently, daytime UHI 
exhibits a greater magnitude than nocturnal one in new town. 
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It is apparent that significant temperature difference is mostly observed in 
urban center while new town is relatively cooler than rural area. The observed 
trends in heat island intensity at HKO can be divided into two types. Daytime 
UHI has decreased over time and nighttime UHI still exhibits a substantial 
growing trend. Although an increase in daytime UHI intensity is detected in new 
town, the mean value of heat island intensity is still negative. There is a minor 
reduction in the intensity of nocturnal UHI but none of them is statistically 
significant. It seems that UHI effect is less recorded in new town stations due to 
the pattern of land use, function of land and location of the weather stations. Thus 
urban heat island is exclusively developed in the urban center of Hong Kong. 
Heat island development also demonstrates a marked seasonal pattern. In 
most mid-latitude cities, UHI intensity is stronger on summer nights because of 
greater solar energy input and lower turbulent mixing. However, Figuerola and 
Mazzeo (1998), Magee et al (1999) and Kim and Baik (2002) found that the 
greatest urban-rural difference exist in winter in Buenos Aires, Argentina, 
Fairbanks, Alaska, and Seoul, Korea, respectively. In tropical regions such as 
Ibadan, Nigeria, Mexico City, Mexico, and Addis Ababa, Ethiopia, stronger heat 
island effect is detected in dry season than in wet season (e.g., Adebayo, 1987; 
Jauregui, 1997 and Ali, 1999). Due to the variations in location, weather condition 
and city form, UHI effects display different seasonal patterns. 
In Hong Kong, all seasons demonstrate a considerable higher intensity of 
nighttime UHI than daytime UHI whereas the average nocturnal UHI intensity is 
the strongest in winter. Correlation coefficients of daytime and nocturnal UHI 
intensity against time are presented in Table 4.4. It is obvious that there is a 
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substantial increase in nocturnal UHI intensity while daytime UHI becomes 
weaker except for the summer. Table 4.5 shows the trend of seasonal warming and 
cooling rates in mean maximum and minimum temperatures at HKO, mean of 
WGL and CCH stations. On a seasonal basis, minimum temperature rises in all 
seasons at the urban center whereas a considerable warming trend is also observed 
at the rural control stations in winter. The trends in maximum temperature for 
each season at HKO are not statistically significant and comparatively weaker 
than the changes in minimum temperature. However, notable rising trend is 
detected in both winter and autumn at rural control stations. In general, there is a 
reduction in the maximum and minimum temperature in summer while a 
substantial growth in minimum temperature exists at the urban center. 
Table 4.4 Correlation coefficient of UHI intensity against time (year) 
Season UHI, UHI „ — 
Winter -0.067* 0.018* 
Spring -0.040* 0.019* 
Summer 0.008 0.036* 
Autumn -0.051* 0.028* 
* Significant at 5% level. 
Table 4.5 Seasonal values of maximum and minimum temperature trends 
Max Temp (°C per year) Min Temp (°C per year) 
Season HKO ^ISL HKO ^ISL 
Winter -0.001 0.047* 0.040* 0.046* 
Spring 0.006 0.018 0.029* 0.009 
Summer -0.003 -0.007 0.022* -0.011 
Autumn -0.011 0.027* 0.026* 0.015 
AISL stands for mean value of Waglan Island and Cheung Chau 
99 
Over the past 32 years, the mean minimum temperature at HKO and rural 
stations show a notable increase in all winter months i.e. December, January and 
February (DJF) (see Table 4.6). All months have positive values of slope and the 
greatest (0.05 TC and 0.057�C per year) is recorded in January, which is similar 
to the findings in Guangdong Province (Liang and Wu, 2000). It seems that there 
is a regional warming in winter as a consequence of greenhouse effects and the 
anomaly of atmospheric circulation. As a result, the number of cold days recorded 
at HKO has decreased (Leung et al., 2004). 
Table 4.6 Monthly values of mean minimum temperature trend (�C per year) 
Station December (D) January (J) February (F) Winter 
HKO 0.034* 0.051* 0.035* 0.040* 
ISL 0.046* 0.057* 0.035 0.046* 
The most prominent trend is the growth of nocturnal UHI intensity, as a 
result of either the increase in urban temperature or decrease in rural temperature 
at night. Possible causes include increase in the amount of aerosols and 
greenhouse gas as a result of atmospheric pollution, rise in the anthropogenic heat 
emissions as a consequence of higher energy consumption and population growth 
in the city, and increase in the land surface albedo due to the change from natural 
to artificial land use. Distinct heat island is observed in winter because there is a 
lack of vegetation cover in the rural landscape, which increases the amount of 
albedo from vegetation to bare soil. In winter, soil moisture tends to be less and 
thus the heat storage capacity is reduced (Oke et al., 1991; Jauregui et al., 1992). 
Besides, the canopy layer becomes leafless which facilitates outgoing terrestrial 
radiation. On the whole, a greater part of the solar energy is reflected and a cooler 
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rural area is yielded at night. Conversely, a significant amount of outgoing 
long-wave radiation is absorbed and reflected in urban area due to the presence of 
air pollution, concrete surface and cluster of high rise buildings. Thus higher 
nocturnal minimum temperature is maintained in the city center. 
Apart from the significant reduction in incoming solar radiation, heavy 
rainfall and typhoon events in summer and autumn can also greatly affect the 
intensity and formation of UHI, especially during strong El Nino years. In Hong 
Kong, 1997 was the wettest year since rainfall records began in 1884; it was one 
of the strongest El Nino years in the last century. Extreme rainfall and extra 
wetness divert more shortwave radiation into the form of latent heat, thus 
evidently suppress the storage of sensible heat and convectional warming in 
daytime. At night, the amount of nocturnal cooling is reduced due to the 
absorption of latent heat by air moisture. Therefore the difference in thermal 
properties between urban and rural environments is reduced, leading to smaller 
temperature differences. Sometimes heat island is not developed and therefore 
negative value of heat island intensity may be observed. On the whole, UHI 
phenomenon demonstrates distinctive annual and seasonal variations. 
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4.3. Weather effect on UHI intensity 
While UHI is detected in the urban areas at nighttime; it is found, however, 
that weaker and fewer heat island is developed at noon when comparing the 
annual and seasonal temperature differences between HKO and the rural stations. 
Many researchers have investigated the relationships between weather conditions 
and maximum heat island intensity, e.g., Sundborg, 1951; Chandler, 1965; Lee, 
1975; Ackerman, 1985; Eliasson, 1996; Kim and Park, 2002. However, the 
majority of these studies have been carried out under optimum conditions 
especially windless and clear skies for UHI formation. In order to explain the 
variability of the physical processes affecting the UHI intensity, meteorological 
factors i.e. solar radiation (RAD), visibility (VISI), cloudiness (CLD)，relative 
humidity (RH) and wind speed (WS) are selected to represent weather conditions. 
Bivariate and multivariate regression analyses are employed to, respectively, 
examine the influences of weather variables on maximum heat island intensity 
individually and collectively. The notation ATw - r(max) symbolizes the 
greatest intensity of UHI in degree Celsius and the labels of meteorological 
factors are put in blankets. Since the greatest nocturnal heat island intensity is 
observed at HKO, it is thus used to signify the maximum heat island conditions in 
Hong Kong. 
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4.3.1. UHI phenomena and weather conditions 
Daily values of daytime and nighttime UHI in urban center are evaluated and 
classified by its magnitude over the 32-year period (1971 - 2002). Consistent with 
the categorization method of UHI in Melbourne, Australia (Morris and Simmonds, 
2000)，six classes are divided by increase in 1 � C between -1�C and 3�C， 
including the two classes of values smaller than -TC and larger than 3�C. In 
order to examine the influence of weather factors on UHI intensity, mean daily 
values of synoptic conditions are analyzed. Table 4.7 summarizes the weighted 
mean of each element and the percentage of occurrence of a particular UHI 
intensity. It is apparent that the value of nighttime UHI falls mainly between 0�C 
and 1�C (47.8%) and in about 80% of time UHI developed with intensity between 
0�C and 2�C. Although daytime UHI also displays the greatest percentage (32.6%) 
between 0�C and 1�C, less than half of time UHI intensity is within 0�C to 2�C 
(46.5%). Therefore the percentage of positive UHI values is greater in nighttime 
(86.3%) than in daytime (49.2%) and the formation of nocturnal UHI is 1.8 times 
more than in daytime. Additionally, the mean value of nocturnal UHI in each 
group is greater than daytime UHL The largest and smallest values of daytime and 
nighttime UHI range from -6.6�C to 5.3�C and -3.2�C to 6.5�C, correspondingly 
from 1971 to 2002. 
Nocturnal UHI has the highest frequency between 0�C and 1�C, with a mean 
UHI value of 0.52�C. Weather conditions associated with UHI values less than 
zero and greater than one seem to be quite different (Table 4.7). It is obvious that 
nighttime UHI is developed under smaller intensity of solar radiation and wind 
speed but relatively great quantity of cloud cover and relative humidity within 
each positive UHI group. The greatest UHI event has a mean value of 3.65�C, 
103 
associated with both the maximum and minimum average value of weather 
elements. Although there is no significant tendency between visibility and heat 
island intensity, positive nocturnal UHI intensity is associated with higher level of 
visibility. In contrast, nocturnal UHI is less often detected when the mean wind 
speed and solar radiation reach its maximum value of 7.10 m/s and 13.65 MJ/m^. 
Moreover, negative heat island intensity is associated with comparatively clear 
sky (64.5%) but lower level of visibility (13,555m) and relative humidity (77.5%). 
Daytime UHI, on the other hand, shows a more similar weather conditions 
between positive and negative conditions. Higher the intensity of positive daytime 
UHI, lower the value of solar radiation and visibility but greater the amount of 
cloud cover, relative humidity and wind speed. Both the maximum and minimum 






































































































































































































































































































































































































































































































































































































































































4.3.2. Relationship between UHI intensity and meteorological elements 
As discussed before, weather conditions can influence the intensity of UHI. 
In order to assess how synoptic conditions may affect heat island development, 
correlation coefficients (r) between maximum heat island intensity and weather 
variables are examined in both urban center and new town stations (see Table 4.8 
for the results). For the urban center (HKO), positive correlations are observed 
among nocturnal UHI intensity and visibility, wind speed, and cloud cover, while 
negative associations are found between solar radiation, relative humidity and 
maximum UHI intensity. Except cloud amount, all the weather variables are 
statistically significant correlated with heat island intensity. On the other hand, all 
of the correlations for the new town stations are not statistically significant at 5% 
level and comparatively small when compared with the urban center. Thus 
metrological factors substantially affect the formation and intensity of heat island 
in urban center. 
Table 4.8 Values of correlation coefficient (r) and significance level between 
annual patterns of maximum heat island intensity and weather variables in urban 
center and new town stations 
Annual HKO TM ST TKO 
Variable r Sig. r Sig. r Sig. r Sig. 
RAD -0.502* 0.00 0.151 0.59 0.107 0.68 -0.129 0.71 
VISI 0.549* 0.00 0.194 0.49 -0.103 0.69 0.248 0.46 
CLD 0.341 0.06 0.206 0.46 0.253 0.33 -0.075 0.83 
RH -0.364* 0.04 -0.123 0.66 0.143 0.58 -0.466 0.15 
WS 0.564* 0.00 0.220 0.43 0.252 0.33 0.534 0.11 
* Significant at 5% level. 
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Figure 4.26 Scatter plot of the distribution of the daily values of nocturnal UHI 
intensity at HKO versus five meteorological elements from 1971 to 2002. 
Figure 4.26 shows the scatter points between daily maximum UHI values at 
the urban center and each of the weather elements from 1971 to 2002. The 
distributions of data points suggest that individual weather factor can only explain 
small portions of the variation in UHI intensity. Linear and non-linear regression 
analyses are performed on the mean annual values to assess the nature of bivariate 
relationship between observed changes in maximum heat island intensity and the 
deviations in each of the weather variables. In addition, mean seasonal values are 
also analyzed to reveal the seasonal variations between UHI intensity and 
measures of weather. The best fit equations and the coefficients of determination 
(r^) for all variables are presented in Table 4.9. For the annual series, wind speed 
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explains the greatest amount of variance 0.33) while the smallest is observed 
in cloud amount (r^ = 0.12) versus nocturnal UHI. Except the relationship with 
cloud amount, all the results are significant at 95% confidence level. 
Wind alters the cooling rates and turbulent mixing between urban and rural 
area thus weakening the magnitude of urban-rural temperature differences. In 
agreement with many previous studies (e.g., Oke，1973; Eliasson, 1996), 
non-linear relation is found between nocturnal UHI and wind speed. But there is a 
positive exponential association between ATw - r(max) and wind speed, this 
indicating that the higher value of nocturnal UHI, the greater the regional wind 
speed. Seasonally, winter (r^ = 0.15) and autumn (r^ = 0.30) reveal the best results 
from the power and quadratic function which suggest that ATw - r(max) is 
positively proportional to the wind speed. However, wind speed is not 
considerably affecting the heat island intensity in both spring and summer period. 
In addition, cloud affects the amount of nocturnal terrestrial longwave 
outgoing radiation and slows down the radiative cooling when compared with 
clear skies. Cloud amount exhibits the best result from the linear regression 
analysis of nocturnal UHI, the positive relationship between ATw — r(max) and 
cloud cover proposes that greater intensity of ATw - r(max) is associated with 
overcast skies. However, both the annual and seasonal patterns are statistically 
insignificant. These results also suggest that there is other leading factors' 
affecting the intensity of UHI. Nevertheless the positive correlation between 
ATw - r(max) and wind speed and cloud amount, as well as the linear form of 
relationship between ATw - r(max) and cloud amount are different from many 
previous studies which indicated a negative non-linear relationship. 
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Table 4.9 Results from the bivariate regression analyses between nocturnal UHI 
intensity and regional weather variables (a) wind speed, (b) cloud amount (c) solar 
radiation (d) relative humidity and (e) visibility 
(a) ws r Best fit line 
Annual 0.57 0.33* ATu - r(max) = O.Mg�藝 
Winter 0.39 0.15* ATw-r(max) = 0.18PKS' '' 
Spring 0.31 0.09 ATu - r ( m a x ) = 0.12WS + 0 .13 
Summer 0.29 0.08 ATw 一 厂(max) 二 0.22WS - 0 .47 
Autumn 0.55 0.30* ATu - r ( m a x ) = 0.54WS^ + 7.89WS - 2 7 . 8 1 
(b) CLD r r^  Best fit line 
Annual 0.34 0.12 ATu - r ( m a x ) = 0.03CLD - 1 . 5 5 
Winter 0.41 0.16 ATu - r ( m a x ) = O.OOICLD^ - 2.60CLD + 8 .55 
Spring -0.33 0.11 ATu - r ( m a x ) = 0.002CLD^ + 0.25CLD - 8 .61 
Summer 0.33 0.11 ATu - r ( m a x ) = OMCLD - 1 . 8 1 
Autumn 0.10 0.01 ATu - r ( m a x ) = O.OICLD + 0 .33 
(c) RAD r r2 Best fit line 
Annual -0.50 0.25* ATu - r ( m a x ) ^ 2 . 5 1 - 0 . 1 3 R A D 
Winter -0.58 0.34* ATw - r ( m a x ) = 
Spring -0.08 0.01 ATw - r ( m a x ) = 
Summer -0.25 0.06 ATu - r ( m a x ) = 1 . 8 9 - 0.01 RAD 
Autumn -0.20 0.04 ATw - r ( m a x ) = 1.46 - 0.Q5RAD 
(d) RH r 1*2 Best fit line 
Annual -0.36 0.13* ATw - r ( m a x ) = 5 .32 - 0.05RH 
Winter -0.10 0.01 ATw - r ( m a x ) = 1.43 - Q.OXRH 
Spring -0.64 0.41* ATw — r ( m a x ) 二 6 .24-0 . 0 6 / ? / / 
Summer -0.21 0.04 ATw - r ( m a x ) = 4 .42 - O.OARH 
Autumn -0.26 0.07 ATw — r ( m a x ) 二 2 .95 - 0 .03 / ? / / 
(e) VISI r 1*2 Best fit line 
Annual 0.55 0.30* ATw — r ( m a x ) 二 0.0002FZS7 — 2 .00 
Winter -0.25 0.06 ATw - r ( m a x ) = 1.95 — 0.0001FZS7 
Spring 0.36 0.13 ATw —�max) 二 0 . 0 0 0 1厂 /双 - 0 . 1 7 
Summer 0.77 0.59* ATw - r ( m a x ) = O.OOOIF/^/ - 1 . 7 7 
Autumn -0.23 0.05 ATw -厂 ( m a x ) = 2 . 1 7 - 0 . 0 0 0 1 F Z S 7 
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Thermal properties of urban and rural surfaces respond to incoming solar 
radiation differently. This is the fundamental reason of the occurrence of heat 
island. Air moisture can influence the release of longwave radiation and reduce 
nocturnal radiational cooling. Overall, the analyses discover that there is a 
negative linear relationship between nocturnal UHI intensity and relative humidity 
and solar radiation. Therefore increase in the amount of the weather variables 
(incoming shortwave radiation or atmospheric humidity) result in a reduction of 
the UHI intensity. Both solar radiation and relative humidity demonstrate a 
negative correlation with maximum heat island intensity for every season but this 
relation is only significant in certain seasons. The ATw - r(max) is inversely 
proportional to approximately the square root of the amount of solar radiation in 
winter (r^ = 0.34) whereas there is a strong opposite association with the value of 
relative humidity in spring (r^ = 0.41). The negative relationships for the other 
seasons are not significant at 5% level. 
Similar to cloud cover, the level of visibility modifies the pattern of diffuse 
radiation and quantity of direct radiation thus diminishes the nocturnal terrestrial 
cooling. Best fit equation for visibility implies positive linear relationship with 
ATw - r(max), the r coefficient for this variable proposes that greater UHI values 
are strongly connected with higher level of visibility. Consistent with other 
weather elements, the strongest and significant variance value from the linear 
regression between nocturnal UHI and visibility is only found in summer (r^  二 
0.59). Nevertheless, there is no significant relationship observed in the other 
seasons. 
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Figure 4.27 Relationship between annual mean of nocturnal heat island intensity 
and regional weather variables (a) wind speed, (b) cloud amount (c) solar 
radiation (d) relative humidity and (e) visibility. 
Regression lines and equations for annual average of nocturnal UHI intensity 
are shown in Figure 4.27. The non-linear relationship between nocturnal UHI and 
wind speed makes it difficult to identify threshold values of ATw - r(max). The 
general pattern of the regression line for nocturnal UHI against wind speed 
indicates that the ATw-r(max) can climb upward to L3°C as wind speed 
approaches 7 m/s. When wind speed tends to decrease, heat island intensity may 
diminish to 0‘6°C. The linear regression line for cloud amount versus nocturnal 
UHI suggests that the value of ATw — r(max) will be suppressed to 0.6�C as the 
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amount of cloud cover is decreased even though this linear relationship is not 
significant at 5% level. Consequently, overcast skies and strong winds would not 
eliminate the development of nocturnal UHI. Due to the linear relationship, under 
conditions lacking solar radiation, the ATw - r(max) will be 2.5 °C • As the 
quantity of solar radiation rises to 20 MJ/m^, no nocturnal UHI will be detected. 
Similar to the linear pattern of solar radiation, heat island intensity will rise to 
5.3�C when there is lack of water vapour in the atmosphere. Once the quantity of 
atmospheric vapour increases and approaches 98% level, heat island intensity will 
diminish to 0�C，even egative value will be observed. In contrast, the positive 
linear correlation with nocturnal UHI and visibility suggests that urban area will 
become cooler than rural area whilst the visibility is extremely poor and reduces 
to zero level. When the total suspended particulates in the atmosphere decrease 
and improve the level of visibility to 2 km, ATw - r(max) will approach a 
maximum intensity of 2�C. 
Individually, each of the weather variables account for, on average, 12% to 
33% of the total variance in nocturnal UHI (see Table 4.9), which leaves the 
residual percentage of variance unexplained. Since the intensity of UHI is not 
solely affected by specific variable; it is a complex function of interaction among 
many variables. Hence multivariate techniques are applied to investigate the 
remaining unsolved variance and to examine the further relationship between 
nocturnal UHI intensity and meteorological factors. Multiple-stepwise regression 
is used to determine the optimal combination of weather variables in the 
regression model. Table 4.10 summarizes standardized regression coefficient for 
the meteorological elements and percentage of total variance explained by the 
multiple linear regression model. 
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Table 4.10 Standardized regression coefficients of the five meteorological 
elements versus UHI intensity in the multiple-stepwise regression models 
Variable Annual Winter Spring Summer Autumn 
RAD -0.362 -0.568* -0.296 -0.070 -0.079 
VISI 0.314 0.130 0.029 0.771* -0.038 
CLD 0.263 -0.308 0.182 -0.104 0.576 
RH -0.030 -0.180 -0.636* -0.027 -0.284 
WS 0.564* 0.193 0.199 -0.043 -0.053 
r2 0.32* 0.32* 0.41* 0.59* 0.29 
* Significant at 5% level. 
For the annual nocturnal UHI pattern, the most important factor among the 
five variables is the wind speed (WS). The value of ATw -厂(max) tends to rise 
as the regional wind speed increases and the regression coefficient of WS is 0.56. 
However, there is a reverse condition between WS and nocturnal UHI observed in 
the urban center. As expected, WS is negatively correlated with UHI intensity 
whereas increase in wind speed, enhanced turbulent mixing and temperature 
advection thus reduces thermal difference between urban and rural area. The 
second most important variable is the solar radiation (RAD) and the correlation 
between RAD and ATw — r(max) is negative. Even the quantity of incoming 
radiation is reduced; the high density buildings with concrete surface will lead to 
smaller albedo in the urban area and absorb more heat. Also, the heat used in 
evapotranspiration is sharply reduced; result in the form of sensible heat to heat 
up the atmosphere. Therefore, urban area temperature is usually higher than its 
surrounding rural area. The third and forth influential elements are visibility (VISI) 
and cloud amount (CLD). Both of them are positively connected with the 
nocturnal UHI. When the level of visibility is high, there is a smaller amount of 
suspended particles in the atmosphere, reducing the absorption of infrared 
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radiation and promoting radiation cooling in rural areas. On the other hand, 
overcast skies absorb longwave radiation from the surface and emit back to the 
atmosphere thus the difference in temperature is reduced between urban and rural 
area. Due to the smaller amount of radiation absorption and storage in the rural 
environment, slightly cloudy sky may not offset the surface radiative loss. The 
least essential predictor is the relative humidity (RH); it is negatively associated 
with the UHI intensity. High atmospheric humidity raises the amount of 
evaporative cooling and emittance of longwave radiation. Hence, the UHI 
intensity tends to diminish and suppress the heat island formation. Nevertheless, 
only the regression coefficient of WS is statistically significant and the total 
variance explained by this regression model is 32%. 
In order to examine the seasonal variation of the relationship, total data are 
categorized into season. Multiple-stepwise regression analysis is also applied and 
the results are listed in Table 4.10. There is an alteration of the correlation 
between UHI intensity and some of the weather elements while RAD and RH are 
negatively correlated with maximum UHI intensity for each season. Moreover, 
seasonal variation of the order of regression coefficient is exhibited. Furthermore, 
only one of the meteorological factors is significant in some seasons. The total 
variance of ATw - r(max) is greater in summer (59%) and weaker in autumn 
(29%). In winter, the principal predictor is RAD. But in spring, RH becomes the 
most significant indicator due to the higher opportunity for mist and fog formation, 
followed by RAD. In summer, VISI overrides other variables and dominate the 
formation of nocturnal UHI. However, the regression coefficients of weather 
variables in autumn are not statistically significant at 95% confidence level. The 
coefficient of determination (r^) from the multiple-stepwise regression model 
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(Table 4.10) is similar to the single bivariate regression model (Table 4.9). This 
result indicates that there is no combined effect of the weather factors on the value 
of ATw - r(max). More important are the individual effects and strong seasonal 
deviations of the meteorological factors on maximum heat island intensity. 
4.3.3. Discussion of weather effects on UHI intensity 
There is a substantial body of literature which examines the determinants on 
urban rural temperature difference, especially the influence of meteorological 
factors on maximum heat island intensity. Several momentous studies (e.g., 
Sundborg, 1951; Duckworth and Sandberg, 1954; Chandler, 1965; Oke, 1973) 
indicate that wind speed and cloud cover are the most important two weather 
variables affecting the intensity of UHI. Although only the regression coefficient 
of wind speed is statistically significant, both wind speed and cloud amount 
exhibit an atypical positive correlation with nocturnal UHI in Hong Kong. Oke 
(1973) examined the relationship between the maximum nocturnal UHI intensity 
and the wind speed for cloudless days (less than 10%). From the regression 
analyses, UHI magnitude is found to be approximately proportional to the inverse 
square root of wind speed. In order to study the influence of wind speed on 
ATw — r(max) in Hong Kong, the amount of cloud cover is restricted to less and 
equal to 10% and less and equal to 20% of the total sky. Regression lines for 
relationship between maximum UHI intensity and wind speed (U) are: 
ATw — r(max) = 0.410t/�326 {Cloud ^10%) and (4.1) 
ATi/-r(max) = 0 . 2 8 5 f /帽 ( C l o u d ^20%). (4.2) 
Under the cloudless skies with less than 10% and 20% of cloud cover, 
ATw - r(max) is roughly proportional to the third root and square root of the 
wind speed and this relation explains 5% and 9% of the total variance respectively 
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but none of the regression lines is statistically significant. The relationship 
suggests that increase in wind speed will enhance the UHI intensity as described 
by the power function of equation (4.1) and (4.2). These relations indicate an 
average UHI intensity of 0.4 r c and 0.29�C for cloudless condition with wind 
speed of 1 m/s. As the regional wind speed increases, UHI intensity tends to climb 
upward. 
Under the nearly clear sky conditions, the wind speed is not as influential on 
maximum UHI intensity in comparison with Oke's (1973) study. Moreover, an 
atypical positive relationship is examined between the ATw - r(max) and wind 
speed, which seems to be very different from the literature. These differences are 
possibly due to the different landscape and features of each city. Hong Kong has a 
small area of only about 1103 km^, its topography and physical features are very 
complex, and about 75% of its land is rugged and hilly. Owing to the uneven 
terrain, wind pattern in Hong Kong varies from place to place. In the early 1920s, 
Claxton (1921) found that there are strong variations in prevailing wind speed and 
direction at different locations, in different seasons of the year as well as different 
hours of the day. Chen (1975) also pointed out that different stations would 
experience different wind patterns. In general, higher wind speed is recorded at a 
station with good exposure while obstructions may cause reduction of wind speed. 
Therefore, Waglan Island, usually records the strongest wind while the weakest is 
detected at the urban center (HKO) (Chen, 1975; Wong and Kwan, 2002). As the 
regional wind speed increases, the ventilation and turbulence is sufficient to 
enhance raditional cooling in rural area. However, in the urban center, because of 
the surrounding high buildings and a mountainous terrain, cooling rate may be 
altered and slow down. Thus a positive relationship may exist between maximum 
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UHI intensity and wind speed. On the other hand, solar radiation and visibility 
supersede cloud amount, becoming two influential factors on UHI intensity. As 
mentioned in the previous section, there is a reduction in the total incoming direct 
solar radiation. Due to the variations in surface structure, atmospheric water 
storage and thermal admittance between urban and rural area, the urban surface 
temperature decreases at a slower rate than its suburb (Chow et. al., 1994). Hence 
the temperature of urban area is usually greater and emits more energy to its 
environment. Combined with a higher level of visibility, which is treated as the 
indicator of visual air quality (Sloane, 1982), clear sky enhances the radiational 
cooling at night and intensifies the observed temperature differences between 
urban and rural area. It seems that the suspended particulars in the lower 
atmosphere replace the important role of cloud in governing the pattern and 
amount of nocturnal terrestrial long-wave radiation in the city. Nevertheless, the 
heat island intensity is not significantly affected by cloud amount because of the 
serious atmospheric pollution and high humidity level in the urban area. The latter 
two variables greatly influence the absorption and reflection of heat as well as the 
formation of cloud. As a result, heat island formation in Hong Kong is highly 
sensitive to the changes in atmospheric composition. 
Apart from the weather elements discussed earlier, thermal admittance and 
surface wetness serve as another two important factors influencing the heat island 
intensity (e.g., Amfield, 1990; Oke et. al., 1991; Runnalls and Oke, 2000). 
Thermal admittance determines the rate of surface temperature change for a given 
surface heat flux and it is largely controlled by the soil moisture (Oke, 1981). In 
general, the thermal admittance in urban area is higher than in rural environment 
because of the dominant impermeable and concrete surface in urban area. When 
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soil moisture increases in the wet season, the variation between urban rural 
thermal admittance may decrease. However, there is a reduction in the amount of 
rural moisture in dry season, thus enhancing the differences in thermal admittance 
and cooling potential between urban and rural area. This is because the exposed 
rural surface experiences rapid nocturnal cooling rate while the man-made surface 
in the city tends to retain the heat. Consequently, UHI intensity becomes larger 
and this may explain the greatest nocturnal UHI is recorded in winter (the dry 
season) in Hong Kong. In contrast, surface moisture content also play a role in the 
heat island intensity. Water storage in urban area is relatively small and diminishes 
due to the reduction in natural surface and vegetation cover as well as the rapid 
artificial water drainage system. Therefore more energy is used in heating up the 
atmosphere rather than in evapotranspiration in the city. But in wet season mainly 
summer and early autumn periods, extra surface moisture from precipitation may 
restrain the amount of sensible heat and entertain the direct radiation into the form 
of latent heat. The release of anthropogenic heat especially the amount of energy 
consumption used in air conditioning enhances the UHI intensity. Thus urban heat 
island is still developed in summer and autumn with a minor intensity when 
compared with the winter's UHI. It may conclude that there are notable seasonal 
variations in the determinants of UHI intensity. 
On the whole, weather factors only explain about one third to half of the total 
variance of UHI intensity. This relatively minor ratio of the total variance 
recommends that other relevant predictors, including those related to synoptic 
weather and anthropogenic heat need to be included to increase the variance 
explained. Hong Kong is located on the southeast coast of China and at the 
estuary of Zhujiang Delta. It is well known that a coastal city is usually affected 
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by the influence of land sea breezes. When the background prevailing wind is 
weak, sea land breezes are caused by the differential heating and cooling rates 
over the sea and the landmass (Zhang and Zhang, 1997). Moreover, the wind 
direction has a distinctive diurnal variation throughout the year especially 
significant in the winter months (Wai, 1993). Chan and Ng (1991) suggested that 
temperature recorded at the coastal weather stations are considerably affected by 
the sea land breezes. It is apparent that sea land breezes may significantly affect 
the weather in Hong Kong. Furthermore, wind speeds recorded at a station may 
depend largely on the wind direction especially during the onset of a monsoon or 
the passage of a tropical cyclone (Chen, 1975). Since the urban station (HKO) is 
sheltered by high buildings and hill in the north but has a good exposure to the 
east, the northerly monsoon tends to be light at HKO while the easterly monsoon 
is comparatively strong due to the funneling effect in the harbour. Although the 
mean wind speed at HKO is low, very high gust factors (more than 2) are 
observed particularly for winds from the east, south and west quadrants (Feber 
and Bell, 1963; Chen, 1975). Hence the instantaneous maximum gust may play a 
more important role in the formation of UHI than the mean wind speed. In 
addition, cloud amount is the principal characteristic of cloud affecting the UHI 
intensity. Both cloud type and cloud base heights are influential characteristics in 
sky cover (e.g., Oke, 1987; Oke et. al., 1991; Oke, 1998). Thus, a low level stratus 
is more effective in reducing the radiative heat sink in the sky than the thinner 
cloud at a higher altitude (Runnalls and Oke, 1998; Morris and Simmonds, 2001). 
Further research is needed to investigate other relevant determinants on the 
formation of heat island. On the other hand, the low power of regression model 
for quantify maximum UHI intensity and weather elements is possibly due to the 
greater daily variability and range of each meteorological factor (see Figure 4.28). 
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This is mainly owing to the sub-tropical monsoonal climate, which divides a year 
into distinctive hot wet and cool dry periods in Hong Kong. Combined with the 
large sample size over a greater range of events between 1971 and 2002, 
consequently, the results described before are probably the best representation of 
the relationships between maximum heat island intensity and the measures of 
weather. Although the statistical calculations could not wholly answer the 
questions about causal relations, these regression models provide guidance for 
further investigations of UHI phenomena. 
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4.4. Correlation of urban indicators and UHI intensity 
Apart from the synoptic conditions, urban development can influence the 
thermal differences between urban and rural area remarkably. Factors include the 
anthropogenic heat released by city, thermal characteristics of urban fabric and 
geometry and the polluted air of the city (e.g., Oke, 1974, 1979; Landsberg, 1981; 
Goldreich, 1984). Much research has been done on the relation between urban 
factors especially the population of a city and the maximum heat island intensity, 
i.e., the nocturnal UHI intensity. In general, urban population can be used to 
measure the physical city size, the geometry and materials of the urban surface 
(Park, 1987). In order to examine the influences of urbanization on annual average 
of maximum UHI intensity (ATw - r(max)), several urban development factors 
such as total population, urbanized area, total energy consumption, total number 
of registered vehicles and average daily number of passenger journeys are 
selected for analyses. Similarly, correlation and bivariate regression models are 
applied to examine the relationship. 
Hong Kong has experienced rapid urbanization over the past 32 years 
(1971 - 2002). Figure 4.28 shows the five measures of urban growth in 
comparable units to the base year of 1971. During the investigation period, there 
is a steady growth in the number of inhabitants. Together with the continuous 
economic development, population growth has produced a three-fold increase in 
the urban area within the city. Because of more population and better living 
standard, both the flow of passengers and number of cars have more than doubled. 
Among all parameters, total energy consumption has grown at the fastest speed. In 
2002, about nine times of the amount of energy was consumed in comparison with 
1971. The change of land use as well as the quantity of energy consumption 
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would significantly affect the formation and intensity of heat island. Therefore 
linear and non-linear regression analyses are employed to examine the nature of 
bivariate relationship between urban factors and UHI intensity. The correlation 
coefficient (r), coefficient of determination (r^) and best fit equations for all the 
variables are summarized in Table 4.11. It is apparent that the average daily 
passenger journeys explains the greatest amount of variance (68%) while both 
urban area and registered vehicles account for the smallest amount of variance 
(60%) of maximum UHI intensity. All the results are statistically significant at 
95% confidence level. 
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Figure 4.28 The change of urban development factors in Hong Kong since 1971. 
Table 4.11 Results from the bivariate regression analyses between maximum UHI 
intensity and urban development variables 
Variable r r^  Best fit line 
Population (P) 0.804 0.65* ATw - r(max) 二 0.28P - 0.79 
Urban area (U) 0.774 0.60* ATw —厂(max) = 0 . 6 8 l o g " — 2.52 
Energy consumption (E) 0.815 0.66* ATw - r(max) = 0.331og£ + 0.17 
Registered vehicles (V) 0.782 0.60* ATw - r(max) 二 0.55 log 厂 + 0.13 
Passenger journeys (J) 0.832 0.68* ATu -厂(max) = 
* Significant at 5% level. 
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City growth over time affects the UHI intensity. Urban population can 
represent the level of activities and reflect the anthropogenic heat production 
indirectly while the area of urban landscape can indicate the physical city size and 
the urban geometry in a city. Consistent with the previous studies (e.g., Oke, 1973; 
Park, 1986)，linear relationship is examined between the population and UHI 
intensity. Population growth explains 65% of the total variance, indicating that 
greater the population, the higher the value of UHI intensity. Moreover, linear 
correlation between the logarithm of urban area and UHI intensity is demonstrated 
with a coefficient of determination (r^) which is equal to 60%. Thus these two 
equations present a simple model for predicting the magnitude of UHI. Because of 
the higher explanation power of population, it can be concluded that the 
maximum UHI intensity is more closely related to population. Since the 
population is estimated from the census and by-census data thus there is a concern 
about the importance and representation of this factor. Table 4.12 presents the 
interrelationship between population and urban development factors, which 
reveals a strong linear correlation between each other with correlation coefficient 
(r) above 0.96. It seems that the population can be considered as a proxy of urban 
development in Hong Kong and the relationship between population and urban 
development is well known (e.g.，Park, 1987; Goldreich, 1992; Torok et al., 2001). 
Hence the population is used as a surrogate variable in place of structure, form 
and diversity of city function in this study. 
Table 4.12 Inter-correlation between population and urban development factors 
Energy Registered Passenger 
Population against Urban area 
consumption vehicles journeys 
Correlation coefficient (r) 0.961* 0.970* 0.971* 0.970* 
* Significant at 5% level. 
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The formation of heat island is mainly based on the heat generation within a 
city. Energy consumption, number of vehicles and amount of passenger journeys 
are all important indicators of anthropogenic heat release in the city. The 
regression analyses discover that there is a positive exponential correlation 
between maximum heat island intensity and passenger journeys, with a coefficient 
of determination equal to 68%. Thus increase in the traffic flow of the city will 
result in the intensification of the UHI intensity. Both energy consumption and 
number of vehicles demonstrate the best fit from the linear regression analysis of 
ATw - r(max). The significant positive relationship suggests that the larger values 
of UHI are associated with higher energy consumption and more polluted air 
quality. The percent of variance explained by the latter two factors is 66% and 
60%, which is slightly less than the one in passenger journeys. Individually, each 
of the urban variable accounts for, on average, 60% to 68% of the total variance in 
the maximum UHI intensity. Therefore it may conclude that the UHI intensity 
tends to increase over time when there is a steady growth of the population as well 
as urban development factors. 
As urbanization continues; not only the population but also the number of 
buildings increases. Thus the percentage of surface area covered with 
impermeable materials which have a higher heat capacity and conductivity is also 
expanded. Additionally, the proportion of building area to sky area is enlarged 
because of the greater number of high-rise buildings. Consequently, the reflection 
of short wave radiation among buildings and land surface is intensified hence 
more energy is absorbed by the atmosphere. At night, due to the interruption by 
urban structure, there is a reduction in the upward longwave radiation. On the 
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whole, changes in the thermal properties and heat balance within the city 
strengthen the heat island effect (e.g., Oke, 1981; Park, 1987). 
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Figure 4.29 Relationship between maximum heat island intensity and the total 
energy consumption in four seasons (a) winter, (b) spring, (c) summer and (d) 
autumn. 
Seasonal variation of UHI intensity is closely associated with the changes in 
energy consumption pattern. Figure 4.29 shows the regression lines and equations 
between maximum heat island intensity and energy consumption in each season. 
It is obvious that the best fit equation for energy consumption implies a positive 
linear or log linear association with ATw —厂(max) and demonstrates a relatively 
high level of correlation coefficient. The total explained variance of 
ATu - r(max) is the greatest in summer (57%) and smaller in autumn (39%). As 
mentioned in earlier, there is a considerable seasonal variation of UHI intensity in 
Hong Kong with the greatest magnitude observed in winter. But in most 
mid-latitude cities, heat islands are the strongest on summer nights (e.g., Lee, 
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1992). This is mainly because the total amount of incoming solar radiation has 
decreased dramatically in recent decades especially during summer periods for 
Hong Kong. Abundant surface and soil moisture from plentiful precipitation leads 
to the reduction in the difference of thermal admittance in urban area compared 
with rural area. Due to the numerous consumption of energy and production of 
anthropogenic heat in summer, marked temperature differences are still observed 
between urban and rural area. 
Although the heat island intensity becomes greater as urban population 
grows, their relationships are different in different places around the world. Oke 
(1973) found linear relationships between the population and maximum heat 
island intensity for North American and West European cities. Park (1986) 
indicated that there is a bend in the regression at around 300,000 in population 
versus ATw — r(max) for Japanese and Korean cities. Thus this study suggested 
that the maximum UHI intensity increases at a faster rate for cities with 
population over 300,000 than population less than 300,000. The relationships for 
different cities are given as follow: 
North America cities: (Oke ,1973) 
(4.3) 
ATw - r(max) = 2 .96 logP- 6.46 = 0.95)， 
European cities: (Oke ,1973) 
(4.4) 
ATw - r(max) = 1.92log— 3.41 (r' = 0.81)， 
Japanese cities: ( P a r k ,1986) 
(4.5) 
ATu - r(max) = 4.01 log 户-19.09 0.87； P>300,000), 
Korean cities: (Park，1986) 
(4.6) 
ATu -厂(max) = 3.741 logP -18.44 = 0.98；户〉300,000)， 
where P is the population and ATu - r(max) is the maximum heat island 126 
intensity. It is apparent that the slopes of regression lines and the coefficients for 
those cities are comparatively larger than the result in this study. These outcomes 
are possibly due to the differences in urban structure, function of the city and the 
climate system which greatly affect the heat capacity, the amount of 
anthropogenic heat production and even the rate of evaporation in the study city 
(e.g., Oke, 1973; Fukuoka, 1983). On the other hand, the heat island intensity in 
pervious studies was measured in settlements of different sizes while keeping the 
topographical, temporal, climatological and instrumental factors constant. With 
Hong Kong's population of 6.8 million as input, the models described above 
predict a maximum heat island intensity ranging from 7.11�C to 13.76�C. This 
prediction is approximately 0.6�C to 7�C greater than the maximum intensity of 
6.5�C observed in the present study. As previously discussed, each city has its 
own structure and function, while the duration and time of observation of UHI 
intensity are also different in each study. Therefore with taking the entire synoptic 
conditions into account, the observed maximum UHI intensity falls below the 
predicted value. In contrast, the geographical location of a city would affect the 
heat island formation. Park (1987) examined that the wind speed of coastal city is 
relatively high and the sea breeze strongly influences advection in daytime 
especially in summer. Therefore the diurnal ranges of temperatures tend to be 
smaller. Hong Kong is a typical coastal city, which is influenced by the sea and 
land breezes at day and night respectively. Hence the heating and cooling rates 




CONCLUSIONS AND RECOMMENDATIONS 
Hong Kong has experienced rapid urbanization after the Second World War. 
The population has expanded to almost seven million. Also, there has been an 
enormous growth in the urban area, high-rise buildings and number of vehicles, 
all competing for space within the limited area. These have led to massive 
modifications of the urban landscape, anthropogenic heat production, and thus the 
urban climate. Therefore it is necessary to better understand the air temperature 
patterns and variations in order to have better weather forecasting, urban planning 
and mitigation measures. The main objectives of this research are therefore to 
detect the temperature evolution trends, to characterize the urban rural 
temperature differences and patterns, and to evaluate factors affecting the heat 
island intensity in Hong Kong. A variety of data analysis techniques have been 
employed to achieve these study objectives. 
5.1. Summary of Hndings 
First, the temperature evolutions in urban center, new town and rural stations 
are analyzed using linear regression and Mann-Kendall rank test. The analyses of 
the annual temperature records indicate that Hong Kong has been warming up 
during the past 52 years which is consistent with the temperature increase in 
Guangdong Province and mainland China (Liang and Wu, 1999; Qin et al., 2003). 
At the Hong Kong Observatory, the heart of the urban area, both mean and 
minimum temperatures show a notable rising trend. Due to the little change in 
maximum temperature, the diurnal temperature range (DTR) demonstrates a 
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declining trend. In contrast, almost all the new town stations exhibit an increasing 
rate in temperature and DTR series. Because of the differences in structure, 
function and development progress, there is dissimilarity in the magnitude and 
changes of temperature among urban center and new town stations. Since 1968 
and 1989, annual average of daily mean temperature in the rural areas rises 
amounted to 0.005�C per year and 0.02�C per year respectively. Therefore, the 
rising temperature trends in urban center are approximately located in the 
mid-1980s when the explosive economic growth took place. It is found that air 
temperature in new towns have demonstrated an increasing trend in recent years. 
On a seasonal basis, reduction in the temperature series is mainly recorded in 
summer due to the decrease in global incoming solar radiation and increase in the 
suspended particles and cloud cover. A considerable rising trend is found in winter 
and autumn as a result of the decrease in the number of cold surge attacks. On the 
whole, the variations in the air temperature series between urban and rural area 
can reflect the effects of urbanization and regional warming on air temperatures. 
Similarly, linear regression and Mann-Kendall rank test are applied to 
examine the temperature differences between urban and rural areas i.e. the urban 
heat island intensity for the annual and seasonal patterns. UHI intensity is 
recorded at both urban center and new town stations. The mean value of nocturnal 
UHI intensity for all stations is about 1�C with the frequency of occurrence over 
60% but a negative mean value of daytime UHI is recorded with a relatively small 
frequency of less than 40%. The daily variation of UHI intensity in urban center is 
fairly consistent with findings of previous studies. It reaches its maximum near 
the middle of the night, tends to decline near sunrise and attains its minimum in 
the afternoon. Significant positive temperature difference is solely recorded in the 
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urban center for daytime and nighttime at the beginning of investigation period. 
The nocturnal UHI intensity tends to increase at a rate of 0.025�C per year while 
a decreasing trend (0.037�C) is observed in daytime. The change of different 
trends is located around 1988 and 1993, respectively. On the other hand, new 
town is generally cooler than rural area even though the temperature differences 
tend to decrease in recent years. This is because the predominant land use in the 
vicinity of weather station influences the formation and intensity of UHI. It is 
apparent that heat island is often developed in the urban center and consistent with 
time at night. At the urban center, nocturnal UHI intensity reaches 6.5�C and is 
detected over 85% of the investigation period. UHI effect also displays a marked 
seasonal variation whereas the strongest mean value is found in winter and weaker 
is observed in both summer and autumn. A notable rising trend is detected in 
nocturnal UHI and it approximately started in 1990，but in winter UHI intensity 
began to rise in 1980. 
Thirdly, weather effects on maximum UHI intensity in the urban center are 
discussed using correlation, bivariate and multivariate regression models. Wind 
speed, visibility, solar radiation and relative humidity are significant and capable 
in suppressing the UHI intensity, while the impacts of cloud amount are not 
significant. The effect of wind speed is positively exponential and can enhance the 
heat island intensity when wind speed approaches 7 m/s. There is a negative linear 
relationship between UHI intensity and solar radiation, as well as relative 
humidity. Since UHI intensity is positively related to visibility, poor air quality 
may weaken the development of UHL Notable seasonal variations of all 
correlations between maximum heat island intensity and weather factors are 
discovered in this study. The relationship between solar radiation, relative 
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humidity, and wind speed and UHI intensity is consistent for each season while 
the correlation versus visibility and cloud amount changes from season to another. 
Although weather condition is a complex interaction among meteorological 
variables, the total variance explained by the multiple-stepwise regression is fairly 
close to the single bivariate regression model. Therefore heat island intensity is 
significantly controlled by a single leading factor for different temporal patterns. 
UHI intensity varies seasonally, largely because of the substantial diurnal and 
seasonal changes of synoptic conditions such as the sea land breeze system, wind 
speed or direction and surface moisture content. These variations are probably due 
to the coastal location, the structure and the subtropical monsoonal climate system 
of Hong Kong. 
Finally, the influence of urbanization on heat island intensity is examined. 
The relationship between maximum UHI intensity and population as well as 
several urban development factors is evaluated using the statistical data from 
various government departments. UHI intensity increases with the growth of 
population in Hong Kong while a strong regional variation is observed in the 
relationship. This is because there are differences in the structure, function and 
climate among cities; also the measurement methods are dissimilar in most studies. 
Under the ideal condition, the maximum UHI intensity can rise additional 1�C to 
2�C when the two equations (4.5) and (4.6) for Asian cities are applied. Indicators 
of urban development such as the energy consumption, number of registered 
vehicles and daily passenger journeys are employed to analyze the correlation 
between maximum heat island intensity. The observed positive relationship 
suggests that the more population in the city, the greater usage of energy and flow 
of traffic within the city. Hence, the relationship between maximum UHI intensity 
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and urban factors is represented by the positive linear and non-linear regression 
line whereas the greatest variance is observed in passenger journeys. Additionally, 
the effects of anthropogenic heat from energy consumption appear to be sufficient 
to alter the seasonal pattern of thermal admittance and thus the heat island 
intensity. 
From the above analyses, it may conclude that urbanization has substantial 
influence on climate especially air temperature, and the city center becomes 
warmer than the rural environment. Consistent with the city growth, UHI intensity 
tends to increase over time. In order to examine the effective influence of a certain 
meteorological variable on heat island intensity, UHI characteristics and its 
relationship to the weather elements are analyzed for certain weather conditions 
such as cloudless (cloud cover ‘ 10% and ^ 20%) and calm conditions (wind 
speed ^ 3 m/s and ^ 4 m/s). However, it is not possible to unravel the role 
played by several of the many competing weather controls. On the other hand, the 
present study only employed the bivariate regression analyses to examine the 
relationship between urban growth and heat island intensity. This is because the 
population size is significantly correlated with other urban development factors, 
which can be considered as a proxy of the diversity of city functions. Therefore 
additional variable is not able to enhance the level of variance in explaining the 
heat island phenomenon. In several aspects, Hong Kong is not an ideal site with 
respect to identifying the weather controls on the UHI intensity because of the 
complex terrain and coastal location. 
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5.2. Limitation of the research 
First of all, the establishment of the automatic weather station aims to 
provide a general description of the weather conditions in a particular area. 
Therefore an automatic weather station such as Shatin may not be located in the 
center of the new town, which cannot represent the whole landscape and the 
development process completely. Besides, most automatic weather stations were 
not set up at the beginning of the development of a new town. Therefore, the 
length of weather data is often shorter than the history of new town, making it 
difficult to fully evaluate the UHI effects of new towns. 
Due to the small territory and complicated terrain, it is difficult to classify the 
land use and locate a rural control station without natural or artificial influence in 
Hong Kong. Although Hong Kong has a dense network of weather stations, apart 
from the Hong Kong Observatory, there is a lack of representative of urban area 
station for comparison. While the nearest station, Wong Chuk Hang is located far 
away from the central business district and on the hill slope of Hong Kong Island. 
On the other hand, the data sources of urban development and structure 
factors such as the number of buildings, height and width of building, length and 
width of traffic road, impermeable surface ratio, and land use distribution in a 
specific district are not sufficient and some of them are unavailable in Hong Kong. 
Therefore more stations' data and urban factors are available for further analysis; 
which may improve the results of regression model and generate a more 
conclusive outcome. 
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5.3. Prospects of the study 
This research provides a more comprehensive structure of UHI study in 
Hong Kong. Analysis based on longer period of data is recommended in the future, 
especially for the new towns so that differences of land use and land cover 
between urban center and new towns can be compared. Furthermore, analysis of 
more stations will benefit the study of areal and temporal variability of 
temperature and heat island intensity over Hong Kong. Either motor vehicle 
traverse or remote sensing techniques can be used in further studies to configure 
out the spatial pattern of the UHI. In addition to the meteorological factors 
analyzed in this study, other variables including wind direction, pressure system, 
cloud height and type, and weekly variation of urban activities may significantly 
affect the UHI intensity. As Hong Kong is a coastal city with limited land area, 
there is a substantial diurnal variation in synoptic conditions, thus hourly record of 
variables are better to be examined in the future study. 
The present study concentrates on the air temperature and the characteristics 
of UHI. Since the influence of urbanization on climate is complex, this research 
only offers a partial account of it. Therefore it is necessary to study other 
parameters such as rainfall, solar radiation, visibility and wind. In addition, the 
consequences of UHI to the society, the adoption and mitigation measures to 
hotter environment and the future change in temperature are of interest and can be 
the subject of another study. Due to the small territory and close proximity to 
ocean, the heat island effect in Hong Kong may be underestimated. Therefore an 
extensive study whereas Hong Kong used as one of the representative of urban 
area, can examine the influence of urbanization on weather patterns, for both 
spatial and temporal variations in the Pearl River Delta region. 
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